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Abstract

In order to produce conductive, biocompatible and mechanically robust materials for use in
bioelectrical applications, we have developed a new strategy to selectively incorporate poly(pyrrole)
(Ppy) into constructs made from silk fibroin. Here, we demonstrate that covalent attachment of
negatively charged, hydrophilic sulfonic acid groups to the silk protein can selectively promote
pyrrole absorption and polymerization within the modified films to form a conductive,
interpenetrating network of Ppy and silk that is incapable of delamination. To further increase the
conductivity and long-term stability of the Ppy network, a variety of small molecule sulfonic acid
dopants were utilized and the properties of these silk-conducting polymer composites were
monitored over time. The composites were evaluated using attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), optical
microscopy, energy dispersive X-ray (EDX) spectroscopy, cyclic voltammetry, 4-point resistivity
probe and mechanical testing. In addition, the performance was evaluated following exposure to
several biologically relevant enzymes. Using this strategy, we are able to produce mechanically
robust polymer electrodes in a variety of geometries with stable electrochemical performance and
sheet resistivities on the order of 102 /sq (conductivity ~1 S/cm). We adapted anisotropic versions
of our silk-Ppy composites to construct electrically-controlled actuators that exhibit repeated
bending movements under applied currents less than 5 mA, and potentials between 1 and 4 V.
These bilayer actuators function through anion exchange in biologically-relevant electrolytes, and
show promise for fully biocompatible actuator systems.

iv

Acknowledgements

I would like to thank the entirety of the Western Chemistry Department and the Advanced Materials
and Engineering Center for the opportunity and funding they provided me as I pursued my
undergraduate and graduate educations here at Western Washington University, as well as funding
from the M.J. Murdock Foundation. I would not have been able to properly characterize my
materials without the instrumentation and help from Scientific Technical Services, particularly Erin
Macri. Special thanks go to Dr. Polly Berseth, Charlie Wandler, Dr. David Rider and Dr. Janelle Leger
whose guidance has been key to my education and development as a scientist, as well as my
research group members, past and present. Finally, I would like to thank Dr. Amanda Murphy for the
opportunity to be part of her lab throughout the years and being everything I could have hoped for
in a research advisor, both as a mentor and as a friend.

v

Table of Contents

I.
II.
III.
IV.

Abstract ………………………………………………………………………………………………………………………….
Acknowledgements ……………………………………………………………………………………………………....
List of Figures and Tables ……………………………………………………………………………………………....
List of Abbreviations ……………………………………………………………………..................................

iv
v
viii
x

Chapter One: Synthesis and Characterization of Silk-Based Conducting Polymer
Composite Electrodes ………………………………………………………………………………………

1

1. Introduction ……………………………………............................……………………………………..............

2

2. Experimental ……………………………………............................……………………………………............
2.1 Materials and Instrumentation ……………………………………........................................
2.2 Preparation of Aqueous Silk Solutions …………………………………….............................
2.3 Preparation of Insoluble Silk Films and Scaffolds …………………………………….............
2.4 Diazonium Coupling on the Surface of Insoluble Silk Films and Scaffolds …………….
2.5 Poly(pyrrole) (Ppy) Deposition on Silk Films …………………………………………………………
2.6 Patterned Silk Films ……………………………………..........................................................
2.7 Adhesion Test of Ppy Coatings ……………………………………….......................................
2.8 Electrical Characterization ……………………………………................................................
2.9 Electrochemical Characterization …………………………………….....................................
2.10 Mechanical Testing ……………………………………..........................................................
2.11 Enzymatic Degradation of Silk Films …………………………………….................................

9
9
9
10
11
12
13
14
14
14
15
16

3. Results and Discussion ……………………………………............................………………………………..
3.1 Diazonium Coupling Reaction ……………………………………..........................................
3.2 Deposition of Undoped Poly(pyrrole) on Silk Films ……………………………………..........
3.2.1 Casting Surface Effects on Film Properties ………………………………….…..……
3.2.2 Mechanism of Ppy Adhesion to Acid-Modified Silk …………………...…..…….
3.3 Selective Deposition of Poly(pyrrole) on Acid-Modified Silk Patterns ……...………….
3.4 Mechanical Testing of Modified Films …………………………………………………………...…….
3.5 Oxidant Loading and Doping Effects on the Conductivity and Stability of the Ppy
Coatings on Acid-Modified Silk ………………………………………………………………………..…..
3.5.1 Oxidant Loading………………………………………………………………………………..……
3.5.2 Dopant Effects………………………………………………………………………………………..
3.6 Selectivity and Adhesion of Doped Ppy on Plain and Acid-Modified Silk ……………...
3.7 Cyclic Voltammetry ……..……………………………………...................................................

17
17
19
22
25
28
30

vi

32
32
39
45
48

3.8 Enzymatic Degradation of Silk Films …………………………………….................................
3.9 Three-Dimensional Silk Structures ……………………………………....................................
3.9.1 Three-Dimensional Scaffolds …………………………………………………………………
3.9.2 Porous Silk Films ……………………………………................................................

50
54
54
57

4. Conclusions and Outlook ………………………………………………………………………………………………… 61
5. References ………………………………………………………………………………………………………………………. 62

Chapter 2: Electromechanical Actuators Using Silk-Conducting Polymer Composites ……………

67

1. Introduction …………………………………………………………………………………………………………………….
1.1 Actuation Mechanism ……………………………………………………………………………………………
1.2 Types of Devices …………………………………………………………………………………………………….
1.3 Optimization of CP Actuation …………………………………………………………………………………

68
69
70
71

2. Experimental ……………………………………………………………………………………………………………………
2.1 Materials and Instrumentation ……………………………………………………………………………..
2.2 Preparation of Bilayer Actuator Films ……………………………………………………………………
2.3 Electrical Characterization …………………………………………………………………………………....
2.4 Electrochemical Characterization ………………………………………………………………………….
2.5 Actuation of Bilayer Films ………………………………………………………………………………………

74
74
74
75
75
76

3. Results and Discussion …………………………………………………………………………………………………….
3.1 Construction of Bilayer Actuators ………………………………………………………………………….
3.2 Actuation Behavior ………………………………………………………………………………………………..
3.3 Effects of Electroding …………………………………………………………………………………………….
3.4 Cyclic Voltammetry ……………………………………………………………………………………………….
3.5 Elemental Analyses at Various Stages of Electrochemical Switching ……………………..

77
77
79
84
87
91

4. Conclusions and Outlook …………………………………………………………………………………………………. 95
5. References ……………………………………………………………………………………………………………………….. 96

vii

List of Figures and Tables

Figure 1-1:
Figure 1-2:
Scheme 1-1:
Figure 1-3:
Figure 1-4:
Figure 1-5:
Figure 1-6:
Table 1-1:
Figure 1-7:
Figure 1-8:
Figure 1-9:
Table 1-2:
Figure 1-10:
Figure 1-11:
Figure 1-12:
Figure 1-13:
Figure 1-14:
Figure 1-15:
Table 1-3:
Figure 1-16:
Figure 1-17:
Figure 1-18:
Table 1-4:
Figure 1-19:
Figure 1-20:

Chemical structure of neutral and oxidized polypyrrole …………………………………… 5
Protein structural organization in B. mori silk fibroin ……………………………………..... 7
Diazonium coupling reaction to synthesize acid-modified silks …………………………. 18
FTIR and optical characterization of acid-modified silk films …………………………….. 18
FTIR, optical and adhesion test characterization of Ppy deposition
on plain and acid-modified silk films …………………………………………………………………. 21
SEM images of acid-modified silk film surfaces coated with Ppy at varying
polymerization times ………………………………………………………………………………………… 22
SEM images of silk-Ppy films scratched or cast on various surfaces …………………. 24
Sheet resistivities of silk-Ppy films cast on various surfaces ……………………………… 24
SEM images of acid-modified silk-Ppy film cross-sections at varying
polymerization times ………………………………………………………………………………………… 25
SEM image showing cross-section of a partially-modified silk-Ppy film ……………. 27
Patterned silk films ……………………………………………………………………………………………. 30
Mechanical properties of silk films before and after chemical modifications ……. 31
SEM images of the surfaces of silk-Ppy films synthesized
at high oxidant loadings ……………………………………………………………………………………… 34
Cross-sectional SEM images of silk-Ppy films synthesized
at high oxidant loadings ……………………………………………………………………………………. 35
Plots of sheet resistivities of silk-Ppy films synthesized at high
oxidant loadings over time ……………………………………………………………………………….. 36
Plots of atomic ratios of various elements present in silk-Ppy
films synthesized at high oxidant loadings over time ……………………………………….. 38
SEM images of surfaces and cross-sections of silk-Ppy films doped
with various small molecule sulfonic acids ……………………………………………………….. 41
Changes in sheet resistivity for silk-Ppy films doped with various
small molecule sulfonic acids over time ………………………………………………………….… 42
Atomic percentages of elements found in various silk samples ………………………… 44
Plots of percent increase in sulfur content between acid-modified silk samples
and acid-modified silk samples with Ppy and different sulfonic acid dopants ……. 44
SEM and optical microscope images of Ppy coatings on plain silk films ……………… 46
Photographs of the Scotch™ tape after removal from plain and
acid-modified silk films coated in Ppy doped with p-TSA and ASA/SSA ……………… 47
Sheet resistivity of films before and after Scotch™ tape adhesion tests ……………. 48
CVs of silk-Ppy films doped with ASA/SSA …………………………………………………………. 49
Mass losses of silk films exposed to proteolytic enzymes over time …………………. 51
viii

Figure 1-21:
Figure 1-22:
Figure 1-23:
Figure 1-24:
Table 1-5:
Figure 1-25:
Figure 1-26:

Figure 2-1:
Figure 2-2:
Figure 2-3:
Figure 2-4:
Table 2-1:
Figure 2-5:
Figure 2-6:
Table 2-2:
Figure 2-7:
Figure 2-8:
Figure 2-9:
Figure 2-10:
Figure 2-11:
Figure 2-12:
Figure 2-13:
Figure 2-14:

Sheet resistivity and CV of silk-Ppy films exposed to
proteolytic enzymes over time …………………………………………………………………………..
Aqueous-derived 3D scaffolds ……………………………………………………………………………
SEM images of silk-Ppy 3D scaffolds derived from HFIP …………………………………….
SEM images of silk-Ppy 3D scaffolds derived from HFIP and water ……………………
Sheet resistivities of porous silk-Ppy films …………………………………………………………
SEM images of porous silk-Ppy films at various ratios of silk:PEG ……………………..
SEM images of porous silk-Ppy film surfaces and cross-sections cast from
70:30 and 60:40 ratio blends of silk:PEG …………………………………………………………...

53
55
56
57
58
59
60

Modes of volume change by electrochemical switching of Ppy ………………………… 70
Diagram showing effect of voltage drop on actuation ………………………………………. 72
Schematic of the process used to create bilayer actuator films ………………………… 78
Optical and SEM images of actuator film cross-sections and surface ………………… 78
Pyrrole polymerization conditions for bilayer actuator films …………………………….. 79
Actuation experimental setup and possible directions of bending
due to ion exchange ………………………………………………………………………………………….. 82
Representative actuation experiment for silk-Ppy bilayer actuators …………………. 82
Actuation behavior of doped films …………………………………………………………………….. 83
Preparation and characterization of silver/copper/Kapton® tape contact ………… 85
Discontinuously modified actuator film and ‘hinging’ region …………………………….. 86
Actuation behavior of extended silver paint electroding …………………………………… 87
Possible modes of ion flow during oxidation and reduction of a CP by
cyclic voltammetry …………………………………………………………………………………………….. 88
CV of NAS-doped films ………………………………………………………………………………………. 89
CV of NAS-doped films in various electrolytes …………………………………………………… 90
Atomic ratios of elements present during different time points during an
oxidation-reduction cycle by CV ………….…………………………………………………………….. 92
Atomic ratios of elements present after exposure to constant oxidizing and
reducing currents and representative potential responses ………………………………. 94

ix

List of Abbreviations
AA

L-Ascorbic acid 2-phosphate sesquimagnesium hydrate

ASA

Anthraquinone-2-sulfonic acid

ATR-FTIR

Attenuated total reflectance Fourier transform infrared spectroscopy

B. mori

Bombyx mori

CP

Conducting polymer

CSA

(-)-Camphor-10-sulfonic acid

CV

Cyclic voltammetry

DI

Deionized

EAP

Electroactive polymer

EDX

Energy-dispersive X-ray

FeCl3

Ferric chloride

HFIP

Hexafluoroisopropanol

NAS

Sodium allyl sulfonate

PAni

Poly(aniline)

PBS

Phosphate buffered saline

PEDOT

Poly(3,4-ethylenedioxythiophene)

PEG

Poly(ethylene glycol)

Ppy

Poly(pyrrole)

PS

Poly(styrene)

p-TSA

para-Toluene sulfonic acid

SEM

Scanning electron microscope or scanning electron microscopy

SSA

5-Sulfosalicylic aci

x

CHAPTER ONE
SYNTHESIS AND CHARACTERIZATION OF SILK-BASED CONDUCTING POLYMER
COMPOSITE ELECTRODES

1. Introduction
It is well established that electric fields play an important role in healing and regeneration in
many biological systems. Therefore, materials capable of conducting electricity have numerous
biomedical applications including use as electrodes for neurological stimulation and recording,1, 2
tissue engineering,3 artificial muscles,4 and stimuli-responsive actuators or sensors.4 However, to
date, conductive materials with the proper biocompatibility and mechanical properties are not
available. Traditional metal electrodes for stimulative therapies are inherently incompatible with
biological systems due to the large mechanical mismatch with tissue, and the harmful redox
reactions that occur at the metal-tissue interface. Therefore, our aim is to develop ‘soft’, flexible
electrode materials based on conducting polymers (CPs) that can be integrated into biological
tissues with minimal damage to the host.
Several examples of endogenous electrical signals in vivo suggest that these signals have
important effects on natural healing processes. In the 1970’s, Borgens and coworkers observed large
currents (10-100 µA/cm2) exiting the stumps of regenerating newt limbs, and found that blocking or
reversing this current prevented regeneration.5 Electric fields have also been observed in wounds,
such as in skin, and obstructing this field similarly interrupted the healing process. Sun and
coworkers also observed alignment of fibroblasts and extracellular matrices in a preferential
direction relative to an applied potential, suggesting that electric fields play a role in tissue
organization.6 In addition, electrical signals are essential for cellular communication in the nervous
system and in muscle contraction. While endogenous electric fields are prevalent in many biological
processes, application of electrical stimuli (electrotherapy) has been shown to accelerate healing
and regeneration in chronic wounds,7-9 and promote differentiation and proliferation in numerous
cell types including fibroblasts, myoblasts, osteoblasts, dorsal root ganglia, and neural crest cells.10
2

Of all systems employing electrical signals, the central and peripheral nervous systems stand
out. Not only do neurons rely on electrical impulses to communicate, but potential gradients have
been shown to direct axon growth and even influence the differentiation of stem cells towards a
neuronal fate.10 Many research groups have investigated the effects of electrical stimulation on a
variety of neuronal cell types including Schwann cells, rat neuronal phaeochromocytoma (PC12)
cells, dorsal root ganglia (DRG), and mouse neuronal cerebellum stem cells (C17.2), demonstrating
the utility of electrotherapy in the regeneration of damaged nerve cells for applications such as
spinal cord repair.10 After an injury, a damaged axon is capable of extending and reconnecting with
the nerve stump. However, in severe cases when the gap is too large, the axon is unable to reach
across in time and the connection is terminated. Nerve grafts are the standard treatment for this
condition, but require the patient to undergo several surgeries and sustain damage at the site of the
harvested nerve. To improve on these treatments, we have the opportunity to create synthetic
nerve conduits such as hollow tubes or porous constructs with directing channels that can serve as a
physical guide, protecting and directing the regenerating nerve towards the stump. Moreover,
making this material electrically conductive could enhance healing by conducting native pulses sent
by the regenerating axon, or providing means for external stimulation to promote communication
across the gap.11-13
Pure metal or metal-backed electrodes have traditionally been used for bio-stimulation, but
have significantly different mechanical properties than biological tissues, and can damage nearby
biomolecules through adverse redox reactions that occur on the electrode surface.1,

2, 14, 15

For

instance, deep brain stimulation therapies involve surgical implantation of microelectrodes,
commonly composed of stainless steel or precious metal alloys, into the soft tissue of the brain.
After several hours of operation in biological fluids, the surfaces of these electrodes and their epoxy
3

encasings exhibit marked visible corrosion.15 These factors commonly result in inflammation and
scar tissue encapsulation of metal electrodes, which drastically weakens signal transfer to and from
the electrode.1 Replacing metals with electrodes employing conducting polymers is anticipated to
alleviate several of these problems.1, 2, 14
Conducting polymers (CPs) are long conjugated chains which conduct electrons through
their extended pi-systems. CPs are typically synthesized in their oxidized (conductive) state, where
anionic molecules (dopants) are present in the complex to stabilize the positive charges on the
polymer backbone (Figure 1). These conductive materials possess several advantages over
traditional metal electrodes for bio-stimulation applications. By varying the chemical structure, the
mechanical properties of CPs can be tuned to match the properties of biological tissues, 16 thereby
reducing inflammation and damage at the implant site. Commonly used CPs such as poly(pyrrole)
(Ppy), poly(aniline) (PAni), and poly(3,4-ethylenedioxythiophene) (PEDOT) have shown marked
biocompatibility in vitro,2, 4, 10, 17 allowing cells to adhere directly to the surface. This can increase the
efficiency of electrical signal delivery/recording due to the intimate contact between cells and the
electrode surface, and allow spatial control of electrical stimulation. Additionally, CPs such as Ppy1820

and PEDOT21, 22 lack significant toxicity in vivo, making them appropriate materials for long-term

implantation. With CP-based electrodes, researchers also have the advantage of tailoring specific
cellular or extracellular matrix (ECM) responses or improving biocompatibility through direct
incorporation of bioactive molecules (doping) or covalent modifications.23-26 To this end, our aim is
to develop ‘soft’, flexible, CP-based electrode materials that can be integrated into biological tissues
with minimal damage to the host.

4

Figure 1. Chemical structure of polypyrrole (Ppy) in its neutral and oxidized (cationic) forms, where
the anionic dopants function to stabilize the cationic Ppy.

While electrodes composed purely of CPs would be ideal, these polymers are typically brittle
and insoluble, which precludes molding or processing of these materials into 3D electrode
structures. Therefore, CPs are generally used with a support material. This can be accomplished by
using a metal support, where thin coatings of CP on metal electrodes improve tissue integration and
reduce inflammation at the surface.17, 27 However, this does not alleviate the mechanical mismatch
between the soft tissue and the bulk of the rigid metal electrode. Recent progress has been made to
tailor the properties of CPs by synthesizing copolymers containing flexible and conducting
segments16,

28-30

or polymer blends,11,

30-32

but to date these copolymers suffer from either low

conductivity or poor mechanical properties.
An alternative approach to enhancing the mechanical properties of CPs without reducing
the conductivity has been to make layered composite materials by depositing CPs onto a secondary
polymer that has superior mechanical properties. This strategy was first developed in the textile
industry to confer anti-static or electromagnetic shielding properties to fabrics such as polyester and
nylon,33 and has recently been extended to the development of materials intended for biomedical
applications. Preferably, the support polymer would be biocompatible with a controlled
biodegradation rate, available in significant quantities, easily processed into a variety of shapes with
tunable mechanical properties, and have good adhesion between the support and the CP. Several
5

types of biodegradable synthetic polymers such as poly(lactic acid), poly(lactic-co-glycolic acid),
poly(caprolactone),20, 32, 34-36 and natural fibers37-40 have been coated with CPs. These composites
tend to have higher conductivity than the degradable copolymers discussed above. However, in
general, a poor interfacial bond is formed when the CP is indiscriminately precipitated on the
surface of the second polymer scaffold, which limits the long-term stability of the composites. For
this approach to be feasible, the interfacial adhesion between the two materials must be strong in
order to prevent delamination and subsequent failure of the device.
In this work, we report our efforts to employ the natural polypeptide silk fibroin as the
platform material for conducting polymer composites. Silk is an attractive scaffold due to its
excellent mechanical properties, biocompatibility, slow degradation profile, and aqueous
processibility.41 It is inexpensive and readily available through direct isolation of the fibroin protein
from Bombyx mori silkworm cocoons. Silk fibroin was initially utilized as a biomedical suture
material centuries ago, and has demonstrated marked success as a biomaterial for cell growth. Silk
fibers can be dissolved in aqueous lithium bromide, and then dialyzed against water to give aqueous
silk solutions that can be readily processed into films, fibers, hydrogels, and high-surface area 3D
sponges with tunable mechanical properties.41, 42
The amino acid sequence of silk fibroin consists of alternating repetitive glycine-alanineglycine-alanine-glycine-serine (GAGAGS) repeats which can self-assemble into an anti-parallel sheet structure, shown in Figure 2.43 These -sheets are highly crystalline and essentially crosslink
the polymer through strong intra- and inter-molecular hydrogen bonds, giving the material high
mechanical strength. In addition, these crystalline regions are interconnected by hydrophilic ‘linking’
regions, composed of polar, bulky amino acids that do not organize into a secondary structure and
assume an amorphous morphology. This arrangement of β-crystallites interspersed in an amorphous
6

matrix gives the silk a semicrystalline nature and a unique combination of strength, elasticity and
toughness. Key to the work described here, silk has several amino acids in the protein sequence that
are available for chemical modification, allowing the chemical properties of the protein to be tuned.

Figure 2. Hierarchical structural organization in B. mori silk fibroin. Parameters a, b, and c are unit
cell distances in the hydrogen bond direction, intersheet stacking direction, and fiber/chain axis
direction, respectively. i) Orientation of aligned β-sheet crystallites and amorphous regions within a
native fiber. ii) Intersheet stacking within a β crystallite, held together by van der Waals interactions
between the glycine or alanine populated faces. iii) Hydrogen bonding in the peptide chain organizes
the crystalline blocks of the protein into anti-parallel β-sheets.

Previous work has shown that polypyrrole will precipitate onto silk textiles,44, 45 and very
recently, electrospun films made from regenerated silk.46 Here, we describe an alternative strategy
for selectively incorporating conductive Ppy into 2D and 3D silk structures. This was achieved by first
modifying the tyrosine side chains in the silk fibroin protein with sulfonic acid groups using a
7

diazonium coupling reaction.47 These acid-modified silk derivatives were found to promote the
absorption and intercalation of positively charged Ppy into the negatively charged silk network,
resulting in robust and selective adhesion between the platform silk material and the conducting
polymer. This method allowed significantly lower pyrrole and FeCl3 concentrations to be used than
those previously reported for deposition of Ppy on unmodified silks,44-46 dramatically increased the
interfacial bond between silk and Ppy by forming an interpenetrating network of the two polymers,
and enabled spatial control of conducting polymer deposition within a larger silk construct. The
resulting composites were evaluated using attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR), scanning electron microscopy (SEM), optical microscopy, energy dispersive
X-ray spectroscopy (EDX), cyclic voltammetry, 4-point resistivity probe and mechanical
measurements. The stability of the materials when exposed to biologically-relevant enzymes was
also monitored. Overall, we were able to produce biocompatible, stable, mechanically robust
polymer electrodes with sheet resistivity on the order of 102 /sq (conductivity ~1 S/cm).

8

2. Experimental
2.1 Materials and Instrumentation. All chemicals were purchased from Aldrich, Sigma or Fluka and
used without further purification. Silk fibroin was obtained by harvesting cocoons produced by
Bombyx mori silkworms grown in our laboratories, or from cocoons donated by the Tissue
Engineering Resource Center (TERC) at Tufts University. Infrared spectra were measured on solid
films in ambient atmosphere with a Fourier transform infrared spectrometer (FTIR)
(ThermoScientific Nicolet IS10) equipped with an attenuated total reflectance (ATR) accessory.
Topography and cross-sections of silk films and scaffolds were visualized by scanning electron
microscopy (SEM) using a Vega TS 5136MM with an energy dispersive X-ray (EDX) spectrometer
and retractable backscatter detector (BSE). Films were fractured in liquid nitrogen to visualize crosssections, and all samples were mounted with carbon tape on aluminum stubs. Samples were
conductive enough to be imaged directly, so no metal coating was used. Optical microscopy was
performed using an Olympus SZX16 Optical Microscope. Sheet resistivity measurements were made
with a Lucas Labs S-304-2 four-point resistivity probe (Signatone SP4-40045TBY tip) powered by a
Keithley 2400 Sourcemeter. Cyclic voltammetry experiments were carried out using a Pine Research
Instrumentation WaveNow potentiostat, and data was recorded and analyzed using AfterMath
software. Counter and reference electrodes were purchased from Bioanalytical Systems, Inc.

2.2 Preparation of Aqueous Silk Solutions.
2.2.1 Aqueous silk solutions. Aqueous silk solutions were obtained using previously published
protocols with slight modifications.47 Twelve cocoons from the B. mori silkworm were cut into pieces
and rapidly boiled in an aqueous solution of 0.02 M Na2CO3 (3 L) for 1 h. The resulting fibers were
rinsed once with boiling distilled (DI) water, three times with room temperature DI water, and then
9

dried at room temperature. The purified silk fibers were dissolved in a solution of 9 M LiBr at 60°C
for ~1 h to make a 20% (w/v) silk solution. This solution was placed into a dialysis cassette (Pierce
Slide-a-lyzer G2, 3.5k MWCO, 5-15 mL capacity), and dialyzed against 1 L DI water per dialysis
cassette for three days, changing the water five times. The pH of the water was adjusted using HCl
so that the final silk solution was pH 6-7. After removal, the resulting silk solution was filtered
through a 5 µm pore size syringe filter. The final solution typically had a concentration of 7-8% (w/v),
and was stored at 4 C.
2.2.2 Silk solution in borate buffer. Silk solutions in borate buffer were also prepared following a
similar protocol. Silk fibers were dissolved in LiBr as described above, and dialyzed against 1 L DI
water for two days, changing the water three times. The silk solution was then dialyzed against 1 L
borate buffer (100 mM borate, 150 mM NaCl, pH 9) for an additional day, changing the buffer once.
The solution was removed and stored at 4 C.

2.3 Preparation of Insoluble Silk Films and Scaffolds.
2.3.1 Solid silk films. To prepare solid silk films, aliquots of aqueous silk solution (100-200 µL) were
pipetted onto polystyrene Petri dishes, dried overnight, then soaked in 70% ethanol overnight. Since
films were cast free-form, slight variations were seen in the diameter and thickness of the films. The
next day, the films were rinsed thoroughly with DI water and stored in DI water. Unmodified silk
film. ATR-FTIR: 1235, 1269, 1516, 1620 cm-1.
2.3.2 Three dimensional scaffolds. Sponge-like scaffolds with pore sizes ranging from 500 to 600 µm
were prepared by adding 2.0 g NaCl porogens (500-600 µm in diameter) into 1 mL samples of
aqueous silk solution (~9 % w/v) in 1 dram shell vials. The vials were capped and left to solidify,
typically 3-5 days. Residual NaCl was extracted by immersion of solid scaffolds in DI water (24-48 h).
10

HFIP-derived scaffolds were also prepared from solutions of silk dissolved in hexafluoroisopropanol
(HFIP), according to previously published protocols.48 Briefly, 0.5 mL HFIP-silk solution (7% w/v) was
added to 1.0 g NaCl porogens (100-600 µm diameter) in 5 mL polypropylene syringes with the tips
cut off, sealed with parafilm to prevent solvent evaporation, and left to solidify. After 48 h, the
parafilm was removed and solvent was evaporated overnight. The solid silk/porogens were removed
from the syringes, and rendered insoluble by treatment with 90% v/v methanol for 2 h. Residual
NaCl was extracted by immersion of solid scaffolds in DI water (24-48 h).
2.3.2 Porous silk films. Porous silk films were prepared according to previously published protocols49.
Briefly, blends of silk:PEG (90:10, 80:20, 70:30 and 60:40, w/w) were prepared from aqueous silk
solutions (7% w/v) and aqueous poly(ethylene glycol) (PEG, MW 1,000,000) (3% w/v). Resulting
solutions were cast onto polystyrene Petri dishes or a silicone tray, and let dry overnight. Dried films
were then placed in a vacuum desiccator for an additional 24 h. Solid films were treated in 90% v/v
methanol for 1 h, and residual PEG was extracted by immersion of films in DI water (48-72 h),
switching water frequently. FTIR spectroscopy was employed to confirm complete removal of PEG.

2.4 Diazonium Coupling on the Surface of Insoluble Silk Films and Scaffolds. Previously reported
methods for diazonium coupling reactions with silk47 were adapted for modification of solid silk
samples. Insoluble silk films or scaffolds (typically twelve 9 mm films or four 10x10 mm scaffolds)
were soaked in 8 mL borate buffer (100 mM borate, 150 mM NaCl, pH 9) on ice for 30 min prior to
reaction. The diazonium salt of sulfanilic acid was prepared by dissolving sulfanilic acid (34 mg, 0.2
mmol) and p-toluene sulfonic acid monohydrate (152 mg, 0.8 mmol) in DI water (2 mL). Once
dissolved and cooled on ice, 4 M NaNO2 (34 µL) was added and left to react on ice for 15 min. The
diazonium salt solution (2 mL) was then added to the films or scaffolds in borate buffer, and was
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allowed to react for 40 min on ice. The resulting acid-modified films or scaffolds were rinsed
thoroughly with DI water and stored in DI water at room temperature. Acid-modified silk. ATR-FTIR:
1007, 1032, 1122, 1234, 1521, 1620 cm-1.

2.5 Poly(pyrrole) (Ppy) Deposition on Silk Films.
2.5.1 General procedure. To deposit Ppy on plain or acid-modified silk films or scaffolds (prepared as
described above), solid structures were submerged in an aqueous solution containing 50 mM
pyrrole. To initiate polymerization, anhydrous FeCl3 (7.5 mM final concentration) was added and the
solution was left to react for 30 min to 4 h at room temperature. Optimal polymerization time was
found to be 2-3 h. Films or scaffolds were rinsed thoroughly with DI water and stored in DI water at
room temperature. The effects of increasing the FeCl3: pyrrole ratio were also studied with silk films.
For these samples, concentrations of 7.5, 11, 15, 50, 100 and 250 mM FeCl 3 were compared. Plain
film with Ppy. ATR-FTIR: 1235, 1520, 1620 cm-1. Acid-modified surface with Ppy. ATR-FTIR: 1030,
1160, 1319, 1516, 1619 cm-1.
2.5.2 Doped Samples. To increase conductivity of the Ppy coatings, some samples also contained
small molecule anionic dopants that were incorporated into the films during pyrrole polymerization.
Dopants were added at the start of the polymerization reaction at a concentration of 0.1 molar
equivalent of the dopant relative to pyrrole. Dopants screened included p-toluenesulfonic acid (pTSA), a combination of anthraquinone-2-sulfonic acid (ASA) and 5-sulfosalicylic acid (SSA) in a 1:4
ratio of ASA to SSA,50

(-)-camphor-10-sulfonic acid (CSA), sodium allyl sulfonate (NAS), and

L-ascorbic acid 2-phosphate sesquimagnesium hydrate (AA). In addition, the use of poly(styrene
sulfonate) (MW 70k) as a dopant was evaluated at a concentration of 0.1 molar equivalent of
sulfonic acid groups relative to pyrrole.
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2.6 Patterned Silk Films. Patterned silk films were made by first preparing aqueous acid-modified
silk ‘inks’ as follows. The diazonium salt of sulfanilic acid was prepared as described above. The
resulting diazonium salt solution (2 mL) was added to 8 mL of the silk solution in borate buffer (~8 %
w/v), vortexed briefly, and then left to react on ice for 20 min. The resulting solution was loaded into
a dialysis cassette (Pierce Slide-a-lyzer G2, 3500k MWCO, 5-15 mL capacity), and dialyzed against DI
water (1 L) for three days, changing the water four times. The resulting solutions (~2-3 % w/v) were
concentrated by dialyzing against a 10 % w/v poly(ethylene glycol) (PEG) solution for up to 24 h,
resulting in aqueous silk ‘inks’ containing 14-19 % w/v acid-modified silk.
Surface adhered silk films were prepared by pipetting aqueous solutions of plain silk into
tissue culture treated well plates. The solutions were air-dried overnight to form a film, treated with
70% ethanol for 24 h, and then rinsed with DI water (films stayed adhered to the well surface
throughout). Free-standing silk films were also prepared by casting 8 mL of an 8 % w/v aqueous silk
solution into a 76 x 127 mm single well polystyrene plate, followed by drying overnight. These films
were thick enough to be removed from the plate, cut into the desired size, soaked in 70% ethanol
for 24 h, and then rinsed with DI water. Acid-modified ‘inks’ prepared as described above were then
stamped or painted onto the plain silk films, air-dried overnight, then treated with pure methanol to
induce crystallization of the patterned silk and render it insoluble. Dilute solutions (3-4 wt%) of acidmodified silk ‘inks’ were also loaded into empty ink cartridges and printed onto paper or overhead
projector transparency sheets using an Epson Artisan™ 50 Color ink-jet printer. Aqueous mixtures of
alcohols (such as the 70% ethanol used to crystallize plain silk films) were found to be insufficient for
crystallizing the acid-modified silk, and resulted in partial dissolution of the patterns. Ppy was
deposited on the patterned films using the methods described above where the films were soaked
in 50 mM pyrrole and 7.5 mM FeCl3 for 2 h.
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2.7 Adhesion Test of Ppy Coatings. A modified version of ‘Measuring Adhesion by Tape Test’ (ASTM
D3359) was used. A piece of Scotch brand invisible tape was placed firmly on the deposited
polymer film and pressed gently to achieve even contact between tape and film, then gently peeled
off. The visible quantity of Ppy removed by the tape from the surface of the silk film was used to
compare the relative adhesion of the samples.

2.8 Electrical Characterization. Sheet resistivity of silk-conducting polymer films was measured in
ambient atmosphere with a Lucas Labs S-304-2 four-point resistivity probe (Signatone SP4-40045TBY
tip) powered by a Keithley 2400 Sourcemeter. Sheet resistivity was calculated based on currentvoltage relationships in the films using the equation Rs = 4.532 * (V / I), where V (volts) is the voltage
measured across the two inner electrodes, I (amperes) is the current passed between the two outer
electrodes, and Rs (Ω/square) is the sheet resistivity. The constant 4.532 takes into account the
spacing between the probe tips, and translates a resistance measurement into a resistivity per area
(square). The thickness of the polymer coatings was obtained by evaluating film cross-sections with
a light microscope or SEM. The thickness (cm) was then used to calculate the conductivity, σ
(Siemens/cm), for a given film using the equation σ = 1 / (Rs * t).

2.9 Electrochemical Characterization. Cyclic voltammetry (CV) was carried out using a 3-electrode
cell equipped with a platinum wire counter electrode, and an Ag/AgCl reference electrode. Circular
silk films (11.5 mm diameter) coated with Ppy served as the working electrode. Contact was made to
the films using copper tape that was encapsulated in Kapton tape to allow the film to be
completely submerged into the electrolyte. The area of film exposed to electrolyte was
approximately 50 mm2. Aqueous solutions containing 10 mM ASA/SSA (1:4 ratio) or 1 M phosphate
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buffered saline (PBS) were used as the supporting electrolyte. The ASA/SSA electrolyte does have
redox activity in this window, however only microamperes of current were observed at the 10 mM
concentration, which was insignificant compared to the current flow through the silk films. Scans
were initiated at 0 V and swept through various ranges between -1.5 and +1.5 V at 15-100 mV/s.
Decreases in charge storage capacity over time were calculated by comparing the area of the
voltammograms at different cycles.51

2.10 Mechanical Testing. To test the tensile properties of silk films before and after Ppy deposition,
the ‘Standard Test Method for Tensile Properties of Thin Plastic Sheeting’ (ASTM D882) was used.
Samples were prepared by casting 8 mL of an 8 wt% aqueous silk solution into a 76 x 127 mm single
well plate. Films were dried, treated with 70% ethanol overnight, then cut into 13 x 76 mm strips.
Sample thicknesses were 40-100 m, as measured using calipers, further verified by measuring the
cross-section using SEM. Ten of these strips were left as is (plain silk films), 20 were acid-modified as
described above, and 20 were subjected to acid-modification followed by Ppy deposition. Therefore,
the mechanical properties given are the average from 10 or more samples. Samples were tested on
an MTS Sintech frame using a 25 lbf capacity force transducer (MTS #100-090-900), which was first
calibrated by testing cellophane samples with known tensile properties (Innovia P25-400). During
testing, rectangular pieces of cellophane were cut and sandwiched on each side of the silk film to
prevent the grips from damaging the soft films. The mechanical properties of silk change in the dry
versus hydrated state.52, 53 Since these materials are intended for use in biological fluids, samples
were hydrated prior to testing. Silk films were soaked in DI water for at least 24 h, blotted dry, and
then tested immediately at ambient temperature and humidity. The ultimate tensile strength,
Young’s modulus and the % elongation at break were measured.
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2.11 Enzymatic Degradation of Silk Films. Three types of insoluble silk films were evaluated: 1) plain
silk films, 2) acid-modified films, and 3) acid-modified films with a Ppy coating doped with ASA/SSA
(all prepared as described above). Films were dried, weighed, and placed in individual wells of a 24well plate. Enzyme solutions were prepared by dissolving protease XIV from Streptomyces griseus
(Sigma P5147, specific activity 7.3 U/mg), collagenase type IA (Sigma C9891, specific activity 821.5
U/mg), or α-chymotrypsin (Sigma C4129, specific activity 57.2 U/mg) in 5 mM solutions of Ca 2+ in
nanopure water (pH 7.0) to give final solutions with concentrations of 10 enzyme units (U)/mL. Dry
films were immersed in the protease solutions, then incubated at 37 °C and removed after 1, 3, 5,
and 10 days (three films of each type were evaluated under each condition). The enzyme solutions
were replaced daily with fresh solutions. Silk films in 5 mM Ca2+ in nanopure water (pH 7.0), as well
as films exposed to 1 mg/mL bovine serum albumin were used as controls. Upon removal, silk films
were rinsed thoroughly, and then soaked in DI water for two days before characterization. Films
were dried completely and weighed. The change in mass was used to calculate percentage weight
loss. The sheet resistivity and the electrochemistry of the silk-Ppy composite films were probed
before and after enzyme degradation. For CV studies, electrical contact was made to the films prior
to soaking in the enzyme solution as described in the CV section. All data reported is the average of
three individual films treated in an identical manner.

16

3. Results and Discussion
3.1 Diazonium Coupling Reaction
To covalently install sulfonic acid groups on the silk protein, we used a diazonium coupling
reaction that occurred via electrophilic aromatic substitution between silk tyrosine residues and the
diazonium salt of sulfanilic acid (Scheme 1).47 While the majority of the silk protein is composed of
non-reactive amino acids, approximately 5% of the amino acid composition is tyrosine, allowing
incorporation of up to ~280 sulfonic acid groups per protein.43 We had previously established that
the diazonium coupling reaction could be performed on silk solutions dissolved in buffer,47 and that
technique was extended here to make silk ‘inks’ for patterning. We further demonstrated that this
reaction can be performed on the surface of insoluble silk films. The reaction was monitored visually
where a distinct change from colorless to orange was observed within minutes upon addition of the
diazonium salt (Figure 3a). This color change was indicative of the formation of the azo bond
between the tyrosine residues and the diazonium salt, and was used to track the approximate depth
of penetration into solid silk films. As shown in Figure 3b, cross-sectional images revealed
orange/yellow bands on both sides of the films that extended approximately 40-50 m into the
surface. Therefore, for films with a total thickness greater than ~100 m, a clear band of unmodified
silk was observed in the center of the films.
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Scheme 1. Diazonium coupling reaction used to synthesize ‘acid-modified silk’.

Figure 3. a) Photograph of a plain and an acid-modified silk film. b) Optical microscope image of the
cross-section of an acid-modified silk film. c) ATR-FTIR spectra (y-axis shows absorbance) of a plain
and an acid modified silk film. Spectra were normalized to the silk C=O vibration at 1625 cm -1 and
offset for clarity.
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The diazonium reaction was further characterized using ATR-FTIR and EDX. Small, but
discernable peaks corresponding to the S-O and S=O vibrations appeared in the ATR-FTIR spectra at
1007, 1032, and 1122 cm-1 in the acid-modified samples (Figure 3c). EDX analysis also confirmed the
presence of sulfur in all of the acid-modified samples (Table 3). An equal atomic percent of sodium
to sulfur was also found in the acid-modified films, where sodium is presumably serving as a
counterion to the deprotonted sulfonic acid groups.

3.2 Deposition of Undoped Poly(pyrrole) on Silk Films
Due to the intractability of pre-formed polymers of pyrrole, Ppy must be deposited on silk
constructs in situ during the polymerization of pyrrole. Chemical polymerization of pyrrole occurs in
the presence of strong oxidizing agents such as FeCl3 through the coupling of radical cation
intermediates. The resulting polymer assumes an oxidized, cationic state (Figure 1)54 Depending on
the synthesis method and/or the anions present to stabilize the positive charges on the backbone,
the oxidation level of Ppy varies, reaching a maximum of one positive charge per four monomer
units. At high oxidation levels, over-oxidation processes can occur where nucleophilic attack on the
backbone disrupts the conjugation, leading to losses in conductivity and degradation.55 As discussed
in the introduction, using this in situ deposition method to coat natural and synthetic polymers
usually results in Ppy particles randomly precipitating from solution onto the polymer surface. Here,
we demonstrate that chemical modification of the silk surface to introduce negatively charged,
hydrophilic sulfonic acid groups can selectively promote pyrrole absorption and polymerization
within acid-modified silk films to form a robust, conductive, interpenetrating network of the cationic
Ppy and the anionic silk.
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In our initial studies, plain (unmodified) and acid-modified silk films were exposed to 50 mM
pyrrole and 7.5 mM FeCl3 in water for 30 min, 1 h, 2 h, and 4 h at room temperature. As shown in
Figure 2a, opaque glossy black coatings of Ppy formed on the acid-modified silks after 1 h of
reaction, while plain silk films only began to show significant color after 4 h. Ppy deposition was
further confirmed using ATR-FTIR, where new absorptions corresponding to Ppy appeared at 965,
1030, 1160 and 1290 cm-1 in the acid-modified silks (Figure 4b). No peaks for Ppy were observed on
the plain silk films exposed to the same polymerization conditions (Figure 4b). For the plain films,
only the 4 h time point samples had measureable sheet resistivities of 6.41.8 x 105 /sq. In
contrast, the sheet resistivity of acid modified films dramatically decreased from 1.10.4 x 106 /sq
to 5.31.0 x 103 /sq between 30 min and 2 h, but only decreased slightly between 2 and 4 h to
reach 1.70.3 x 103 /sq (conductivity ~0.1 S/cm).
The Ppy coating on the plain silk after 4 h was very thin, transparent, and easily flaked from
the surface during handling, while all Ppy coatings on the acid-modified silks were robustly adhered.
No flaking or delamination of the Ppy coatings was observed after repeated bending, washing or
scraping of the acid-modified films. To further verify adhesion, a ‘Scotch tape test’ was performed
where a piece of Scotch brand invisible tape was firmly placed on silk films coated with Ppy, and
then carefully peeled off. In each trial with the acid-modified silk substrates, only a slight grey haze
was removed with the tape (Figure 4c), leaving the conductive black Ppy layer intact. The small
amount of Ppy that did deposit on the plain silk films at long polymerization times was easily
removed, so grey smudges were also observed on the tape after removal from the plain silk films
(Figure 4c).
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Figure 4. a) Photographs of plain and acid modified silk films exposed to 50 mM pyrrole and 7.5 mM
FeCl3 in water for the times given. b) ATR-FTIR spectra (y-axis shows absorbance) of plain and acid
modified silk before and after Ppy deposition for 2 h. Spectra were normalized to the silk C=O
vibration at 1625 cm-1 and offset for clarity. c) Photographs of the Scotch™ tape that was adhered
and then removed from plain and acid-modified silk-Ppy films exposed to the polymerization
mixture for 2 h. d) Optical microscope image of the cross-section of an acid-modified silk film after
Ppy deposition for 2 h. The depth of sulfonic acid and Ppy penetration are highlighted.
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While the non-conductive plain and acid-modified silk films were sputter-coated with gold
prior to SEM imaging, the acid-modified films coated with Ppy were conductive enough to be
directly imaged. Surprisingly, the images of the pristine surfaces revealed that the Ppy coatings
exhibited morphologies nearly identical to the underlying acid-modified silk film. As shown in Figure
5, the sides of the acid-modified silk films that dried toward the air had smooth nodular
morphologies, which did not change significantly after deposition of the Ppy. Retention of the initial
silk morphology and lack of clear Ppy particle precipitation as typically seen on the surface of Ppy
coated polymers suggested that the pyrrole polymerization was either templated by the silk surface
or was occurring below the surface of the acid-modified silk films.

Figure 5. SEM images of the surfaces of acid-modified silk films before and after exposure to 50 mM
pyrrole and 7.5 mM FeCl3 in water for the times given. Corresponding sheet resistivities are listed.

3.2.1 Casting Surface Effects on Film Properties
Before further discussion of the film morphologies, it should be noted that differences were
consistently observed between the two sides of the silk films. To form the films, aqueous silk
solutions were deposited, dried, and crystallized on a Petri dish. Ppy coatings deposited on the side
of the films that dried in contact with the Petri dish were typically thinner and more resistive than
the coatings on the sides of the silk films that dried facing the air. The ‘surface’ side of the film was
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consistently smoother due to drying and crystallization of the silk while confined to the smooth
surface of the Petri dish. The difference between the two sides was less pronounced when films
were cast on rougher or more hydrophilic surfaces. Therefore, inhibition of Ppy absorption leading
to higher sheet resistivity appeared to be due to decreased porosity on the side of the film dried on
the smooth Petri dish surface.
Further explanation may lie in the SEM images of the cross-sections of the Petri-cast films
(see Figures 7, 8 and 14). Vertical striations indicative of a crystalline lamellae structure were
commonly seen on the side of the silk film that dried in contact with the Petri dish surface,
suggesting that the surface induced order on the silk protein. The difference in crystallinity of the
silk protein on either side of the film could also explain the differences in Ppy absorption. The
availability of tyrosines (present in the amorphous regions of the silk protein), increased
hydrophobicity and density of this side of the film may have affected the efficacy of the diazonium
coupling reaction and/or subsequent absorption of pyrrole during the polymerization.
To further investigate the effects of the casting surface on film properties, films were cast
on tissue-culture (plasma etched) PS, Parafilm, aluminum, and glass in addition to the standard PS
Petri dish. The difference in resistivity and absorption of Ppy between the ‘air’ and ‘surface’ sides
became less pronounced as the hydrophilicity of the surfaces increased. Additionally, effects of
surface roughness were investigated by comparing PS Petri-cast films whose smooth ‘surface’ sides
had been subsequently roughened with an abrasive sponge, soft sponge, and microfiber cloth prior
to both chemical modifications (surfaces shown in Figure 6). With these samples, the differences in
resistivity were also found to lessen as the surface roughness increased (Table 1). Films were also
cast from solution onto parchment paper and silicone, producing films with fairly rough surfaces
(Figure 6), but little or no improvements to resistivity likely due to the hydrophobic nature of the
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materials. Thus, a combination of hydrophilicity and roughness appears to influence the properties
of the film surface.
While the properties varied on the side of the films that dried touching the surface, the side
of the films that dried toward the air produced very consistent results independent of the surface on
which it was cast. Therefore, for consistency, all results presented in the remainder of this chapter
will focus on side of the silk films that dried in contact with air.

Figure 6. SEM images of PS-petri ‘surface-dried’ surfaces scratched with various materials, and films
solution-cast onto silicone and parchment paper. Scratched films were roughened prior to acidmodification and pyrrole polymerization.

Table 1. Comparison of sheet resistivities of various surfaces after acid-modification and pyrrole
polymerization steps.
Surface

Sheet Resistivity (Ω/sq)

‘Air’-dried surface

2.5 x 103

Unscratched PS Petri

7.5 x 104

Abrasive sponge scratched-PS Petri

6.0 x 103

Soft sponge scratched-PS Petri

7.8 x 103

Microfiber cloth scratched-PS Petri

1.2 x 104

Silicone-cast

9.9 x 104

Parchment paper-cast

3.0 x 104
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3.2.2 Mechanism of Ppy Adhesion to Acid-Modified Silk
To further investigate the mechanism of how the Ppy was adhering to the acid-modified silk
in standard films cast on polystyrene Petri dishes, films were fractured in liquid nitrogen and the
cross-sections were imaged using SEM. Here again no metal coatings were deposited on the samples
containing Ppy prior to imaging. While the surfaces of the films containing Ppy were sufficiently
conductive to image without a metal coating, the cross-sections expose an insulating silk layer in the
center. This insulating band led to some charging and image distortion. However, trends were still
clearly discernable in the images shown in Figure 7. New black bands were evident on both sides of
the films in samples exposed to the pyrrole polymerization mixture, and as discussed above, were
typically thicker on the side that dried to air. After 30 min of exposure to the pyrrole polymerization
mixture, a 13±1.1 μm black region was clearly visible. From 30 min to 4 h, this black band slowly
increased to 23±1.9 μm. However, variations in thickness between samples as well as variations
within a single film made the differences between the 1 h, 2 h and 4 h samples insignificant.

Figure 7. SEM images of the cross-sections of acid-modified silk films before and after exposure to
50 mM pyrrole and 7.5 mM FeCl3 in water for the times given. The thickness of the black Ppy layer
on the side of the film that dried towards the air (yellow), as well as the thickness of the entire film
(red) are highlighted.
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Upon further inspection, the black Ppy regions appeared to be sunken into the silk films
rather than deposited on top of the silk. The vertical striations seen in the films as a consequence of
the fracturing process propagate unchanged into the black Ppy regions, suggesting that the two
materials are tightly integrated. In addition, no indication of delamination between the layers had
ever been observed. To further investigate this, experiments were carried out in which portions of
acid-modified silk films were covered with tape during the polymerization reaction. As shown in
Figure 8, the overall thickness of the films did not change in the regions exposed to the
polymerization mixture, yet a black band of similar thickness to previous experiments was found to
extend down into the surface of the films. While a thin layer of Ppy could be forming on the surface,
the lack of a clear step height between the covered and exposed regions suggests that the amount
of Ppy on the surface is insignificant compared to the amount absorbed within the film.
Additional evidence of Ppy penetration into the film bulk was gained by careful examination
of optical microscope images of thin slices of the film cross-sections. Figure 4d shows a cross-section
of an acid-modified film exposed to the polymerization mixture for 2 h. Here again, the overall film
thickness does not change significantly following Ppy deposition, and black bands of similar
thickness to that observed using SEM are seen on both sides of the film. The thickness of the acidmodification layer before Ppy deposition was ~40-50 µm, but after deposition only ~20 µm of the
yellow/orange band is still visible suggesting that the other ~20 µm is obscured by the Ppy. These
observations all corroborate our hypothesis that the Ppy sank into the film, as opposed to forming a
distinct layer on top of the silk.
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Figure 8. SEM image showing the cross-section of an acid-modified silk film where a portion of the
film was covered with tape during a 2 h exposure to the pyrrole polymerization mixture. The
thickness of the black Ppy layer (yellow), as well as the thickness of the entire film (red) in the
covered and exposed regions are indicated.

Using the initial reaction conditions, the depth of Ppy penetration seemed to be limited to
~25 μm. Extending polymerization past 4 h resulted in precipitation of loosely adhered Ppy particles
on the silk surface, not significantly increased penetration. To investigate whether the reaction
conditions could be varied to encourage deeper deposition, films were soaked in 50 mM pyrrole
overnight before addition of 7.5 mM FeCl3, or soaked in FeCl3 overnight prior to pyrrole addition. No
change was seen in the Ppy deposition depth in either case, indicating that time is not the limiting
factor for diffusion of one or both of the reactants into the films. Rather, rapid polymerization and a
resulting increase in polymer density at the surface likely limits diffusion of both the pyrrole and
FeCl3 into the interior of the films.
The collective observations that the Ppy was robustly adhered to the acid-modified silk, the
surface morphology did not significantly change after Ppy deposition, a step height was not
observable in patterned films, and the thickness of the Pyr band did not significantly increase with
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extended reaction time all suggest that the Ppy formed an interpenetrating network within the silk,
rather than a distinct two-layer composite. In previous work it was shown that acid-modification
using this chemistry significantly increased the hydrophilicity of silk.47 Here, increased hydrophilicity
as well as a strong affinity of the growing cationic Ppy for the anionic silk is likely responsible for
facilitating absorption and retention of the Ppy. While the depth of Ppy penetration did not
significantly change with increased reaction time, the continued decrease in surface resistivity
implied that the density or length of the Ppy chains increased with time. The marked drop from
106 /sq to 104 /sq between 30 min and 1 h suggested that there is a percolation threshold that
must be reached in order for the Ppy chains to have a continuous path for electron flow. The fact
that the resistivity levels off after 2 h can be attributed to the limit in Ppy conductivity attainable
using the given reaction conditions, as well as restricted diffusion of the monomer/oxidant into the
dense Ppy/silk network.

3.3 Selective Deposition of Poly(pyrrole) on Acid-Modified Silk Patterns
The strong preference for Ppy intercalation with acid-modified silk was further exploited to
obtain selective Ppy deposition on patterned silk films. As previously reported, the acid-modification
reaction can be performed on silk dissolved in water.47 Here, these acid-modified silk solutions were
concentrated to 14-19 wt% and used as ‘inks’. Plain silk films were patterned by painting or
stamping acid-modified silk ‘inks’ onto the surface. Patterned films were dried overnight, and then
treated with pure methanol for 2 h to crystallize the acid-modified patterns and render them
insoluble in water. Pure methanol was used to treat the patterned films because it was found that
annealing alcohols with appreciable water content (70% ethanol, used for plain silk films) resulted in
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partial dissolution of the acid-modified patterns, and non-favorable absorption of Ppy across the
surface of the film, as seen in Figure 9a.
When patterned films treated with pure methanol were exposed to the pyrrole/FeCl3
mixture, excellent selectivity for Ppy deposition on the acid-patterned regions was found for
reaction times up to 3 h (Figure 9b-d). At longer reaction times, Ppy began to precipitate across the
entire film surface, but the majority of the precipitate could be easily wiped away from the
unpatterned regions of the film, whereas the Ppy on the acid-modified patterns stayed robustly
adhered. In Figure 9b, the 4 h and 5 h wells were partially cleaned with a cotton swab (left side) to
demonstrate this property.
In addition, we found that dilute (3-4 wt%) solutions of acid-modified silks could be printed
onto paper or overhead projector transparency sheets using an Epson Artisan™ 50 Color ink-jet
printer. After treatment with methanol, Ppy was found to absorb only into the regions containing
the acid-modified silk patterns as seen before. Using this strategy, fine patterns of acid-modified
silk/Ppy were formed with relatively precise accuracy as compared to the computer-generated
template (Figure 9e). Further work in this area could expand to printing acid-modified silks directly
on to plain silk films. While preliminary, this is an exciting avenue for fine spatial control of electrode
patterning.
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Figure 9. a,b) Photographs of a well plate coated with plain silk films, stamped with acid-modified
silk letters, treated with pure methanol (d) or 70% ethanol (e), and then exposed to 50 mM pyrrole
and 7.5 mM FeCl3 in water for the times given. c) Free-standing silk film painted with acid-modified
silk ‘ink’. d) Film from (c) after exposure to 50 mM pyrrole and 7.5 mM FeCl3 in water for 2 h. e)
Computer-generated template and actual acid-modified silk pattern after pyrrole polymerization.
Acid-modified silk was ink-jet printed onto an overhead projector transparency sheet.
3.4 Mechanical Testing of Modified Films56
To determine whether our chemical modification sequence was affecting the mechanical
properties of the silk, the ultimate tensile strength (highest load recorded), Young’s modulus, and %
elongation at break were measured for plain silk films, acid-modified films and acid-modified silks
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with Ppy. To make samples for tensile testing, 76 x 127 mm silk films were cast (average thickness
~60 m), cut into 13 x 76 mm strips, and then chemically modified using conditions described above.
A summary of the data is given in Table 2.
The tensile and modulus values for the plain silk films were on par with previously reported
values for silk films in a hydrated state.52, 53 The acid treated samples showed a significant increase
(p < 0.01) in the tensile strength as compared to the plain silk samples, giving an average peak
tensile strength of 6.9 MPa (30% increase). In addition, acid-modification resulted in increased
modulus and % elongation, but the increase was less significant (p < 0.06). The tensile strength and
modulus increased even further when Ppy was incorporated into the surface, giving an average peak
tensile strength of 9.3 MPa (75% increase compared to plain silk) and an average modulus of 232.6
MPa (158% increase compared to plain silk) (both p < 10-6). This modulus value was similar to that
reported for free-standing Ppy films,57 indicating that the interpenetrating Ppy layer was significantly
contributing to the overall mechanical properties of the composite. It should also be noted that no
delamination or flaking of the Ppy was observed during stretching, consistent with our conclusion
that the Ppy is physically integrated within the silk structure.

Table 2. Mechanical properties of silk films before and after chemical modification
Ultimate Tensile

Young’s Modulus

% Elongation at

Strength (MPa)

(MPa)

break

Plain Silk

5.3 ± 1.0

90.0 ± 17.4

17.4 ± 3.0

Acid-Modified Silk

6.9 ± 1.8

115.1 ± 34.3

22.7 ± 6.6

Acid-Modified Silk + Ppy

9.3 ± 1.8

232.6 ± 60.4

15.4 ± 5.6

Sample
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3.5 Oxidant Loading and Doping Effects on the Conductivity and Stability of the Ppy Coatings on
Acid-Modified Silk
As demonstrated above, sheet resistivities on the order of 103 /sq were obtained for
composites containing silk modified with sulfonic acid groups and Ppy. While these values were on
par with other biomaterials coated with Ppy,31, 58-60 we sought to increase the conductivity further by
optimizing the synthesis and doping levels within the Ppy layer.

3.5.1 Oxidant Loading
Increasing the amount of oxidant has been shown in the literature to increase the rate of
pyrrole polymerization and conductivity of the resulting Ppy to a point, however excess oxidant can
also over-oxidize and degrade the Ppy.61, 62 In our materials, rapid bulk polymerization in solution
leading to precipitation of Ppy particles is not desired, so a balance must be struck that maximizes
both the conductivity and the absorption of Ppy into the silk surface.63 Increasing the amount of
FeCl3 from 0.15 to 0.33 molar equivalents of FeCl3 relative to pyrrole lowered the sheet resistivity of
the resulting composites by an order of magnitude to 83 x 102 /sq. EDX analysis of these
materials indicated a significant increase in chlorine retained from the FeCl3, acting as a dopant to
stabilize the Ppy. Chlorine was undetectable in the samples with the lowest oxidant loading (0.15
eq.), but was found at levels of 0.23 atomic percent for samples with the higher FeCl3 loading (0.33
eq.). While higher catalyst loadings lowered the initial sheet resistivity, the effect was transient and
these materials rapidly became more resistive upon prolonged storage in water (Figure 15). Further
increases in FeCl3 concentration resulted in Ppy precipitation from solution onto the surface of the
films and a large amount of chlorine retained within the films, but sheet resistivities 1-2 orders of
magnitude lower.
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Even higher oxidant loadings are typically used in the literature for Ppy synthesis, and result
in higher conductivities but also an increased susceptibility for degradation. To determine whether
we could push the conductivity of our composites even higher, we studied FeCl3 loadings at 1, 2 and
5 equivalents relative to pyrrole in polymerizations without dopant and with p-TSA (0.1 mol
equivalents to pyrrole). The increased ratios were compared to a standard 0.33 FeCl3 equivalents.
Increasing the ratio of oxidant-to-monomer from 0.33 to 1 were found to have a marked
effect on film morphology, sheet resistivity and stability both for undoped and films doped with
p-TSA (dopant effects are discussed further in the subsequent section). While not an obvious change
in morphology, raising the ratio further than 1 (2 to 5) appeared to have a negative effect on sheet
resistivity. While some Ppy wiped immediately from the surface with handling, the Ppy coatings
appeared to be relatively robust over the course of the four-week study and no delamination was
observed. However, the films became increasingly brittle at higher FeCl3 concentrations, as silk is
known to lose elasticity at very acidic pH due to an increase in crystallinity.
As shown in Figure 10, the surfaces of the films are covered with small nodular moieties,
likely formed in solution as spherical shapes and precipitated onto the surface of the film. These
structures are similar to morphologies seen in electrodeposited Ppy.23, 24, 64 In some areas, this nonselectively deposited Ppy was observed to wipe easily from the surface, revealing the smooth
features of the silk film underneath (Figure 10, doped 1:1). Further examination of the crosssections of these films revealed that a layer of non-selective Ppy deposits on the surface of the silk
film in addition to absorption and polymerization within the silk construct (Figure 11). The level of
precipitation did not appear to vary noticeably from a FeCl3:pyrrole ratio of 1:1 to 5:1 or between
undoped and doped films. However, the depth of penetration between the ratios had a clear trend.
The infiltration depth ranged from 26 ± 2, 21 ± 1, and 16 ± 2 µm for 1:1, 2:1 and 5:1, respectively.
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This decrease in Ppy intercalation with increased oxidant suggests limited diffusion into the silk
construct. This effect is likely due to an increase in the polymerization rate of pyrrole with increasing
FeCl3 loading, leading to a rapid formation of a dense Ppy network that prevents further
penetration.

Figure 10. SEM images of a) the surfaces of acid-modified silk films coated with Ppy synthesized with
FeCl3:pyrrole ratios of 1:1, 2:1 and 5:1, without dopant and in the presence of p-TSA.
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Figure 11. Cross-sectional SEM images of acid-modified silk films coated with Ppy synthesized with
FeCl3:pyrrole ratios of 2:1, in the presence of p-TSA. a) Entire cross section and b) magnified region
highlighted by the white box, illustrating regions of silk (red), intercalated Ppy and silk (yellow), and
randomly-precipitated Ppy on top of the silk surface (blue). Blue arrow indicates direction of growth.
c) Surface, illustrating the morphology of the randomly-precipitated Ppy.

Sheet resistivity was also affected by increasing the oxidant concentration. Both doped and
undoped conditions improved the sheet resistivity by an order of magnitude for all ratios (compared
to 0.33 equivalents of FeCl3). Interestingly, sheet resistivities exhibited an increase from 1:1 to 5:1
(Figure 12a). The high concentration of oxidant could either result in many short, unorganized Ppy
chains or degradation events such as over-oxidation,55 both resulting in decreased conductivity. In
contrast, the higher sheet resistivity may be a result of the limited penetration depth, inhibiting the
growth of longer organized Ppy chains. Similar to previous composites, sheet resistivities exhibited a
steady increase of approximately an order of magnitude over a period of 28 days stored in water,
which was more apparent for the undoped than the doped samples (Figure 12b).
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Figure 12. Plots of sheet resistivities of acid-modified silk films with undoped and doped (p-TSA) Ppy
synthesized at FeCl3:pyrrole ratios of 1:1, 2:1 and 5:1. a) Initial and final sheet resistivity values after
28 days stored in water. b) Time-course sheet resistivities with time. For reference, 1:3 initial/final
values for undoped and doped samples were 830/370 and 1970/760 Ω/sq, respectively.
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A difference between the undoped and doped samples was evident in the sulfur and
chlorine compositions as measured by EDX, summarized in Figure 13. Initial measurements
indicated an increase in sulfur and chlorine concentrations for doped Ppy, the additional sulfur
presumably from the p-TSA dopant. In all samples, the sulfur content remained approximately the
same over 28 days in water. However, the chlorine content was found to steadily decrease,
suggesting that chloride leached from the film. Particularly in the doped films, the majority of
chloride ions leached within the first three days.
The primary concern with these composites is the high levels of chlorine retained in the
films. This may be resolved by using another Fe3+ source such as iron(III) p-toluenesulfonate
hexahydrate, or raising the dopant levels in tandem with the oxidant. These studies are preliminary,
with ample room and various avenues for optimization.
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Figure 13. a) Plots of atomic ratios of sulfur (blue) and chlorine (red) relative to nitrogen present in
acid-modified silk films with undoped and doped (p-TSA) Ppy synthesized at different FeCl3:pyrrole.
Plots of atomic ratios of b) and c) chlorine relative to nitrogen present in undoped and doped
samples synthesized at FeCl3:pyrrole ratios of 1:3 (blue), 1:1 (red), 2:1 (green) and 5:1 (purple)
stored in water over 28 days.

38

3.5.2 Dopant Effects
Due to the high levels of chlorine retained in the films when higher amounts of FeCl3 were
used during the polymerization, more robust synthetic methods were sought that would result in
composites with stable conductivity without increasing the oxidant levels. Although initially
concerned that the addition of organic dopants would inhibit absorption of the Ppy into the acidmodified silk films, we decided to evaluate the effect of adding sulfonic acid derivatives during the
pyrrole polymerization reaction. Several molecules were screened including: a combination of
anthraquinone-2-sulfonic acid (ASA) and 5-sulfosalicylic acid (SSA) (in a 1:4 ratio of ASA:SSA),50 ptoluenesulfonic acid (p-TSA), (-)-camphor-10-sulfonic acid (CSA), sodium allyl sulfonate (NAS), Lascorbic acid 2-phosphate sesquimagnesium hydrate (AA), dexamethasone phosphate (dex) and
poly(styrene sulfonate) (PSS). The doping anion has been shown to significantly affect morphology,
conductivity, and electrochemical stability of Ppy materials.55 The larger size and hydrophobicity of
these dopant molecules, as compared to chloride ions, has been shown to improve Ppy organization
and film quality and result in polymers with more stable properties.65, 66
Each dopant (0.1 molar equivalent of sulfonic acid relative to pyrrole) was dissolved in water
and added to the polymerization mixture containing pyrrole and FeCl3 (0.33 eq. relative to pyrrole),
and left to react for 2 h. Using higher molar equivalents of the dopant did not result in increased
conductivity; hence the smaller concentrations were used. In general, the addition of the small
molecule dopants did not negatively impact the absorption of the Ppy films into the acid-modified
silk. However, using ASA alone (no SSA) resulted in rapid bulk polymerization and precipitation of
the Ppy, but no deposition on the silk. Attempts to use PSS as the dopant also failed. When PSS was
added to the polymerization mixture the Ppy preferentially formed in solution, likely due to the high
water solubility of the Ppy-PSS complex, and did not deposit in significant quantities on the silk.
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Attempts to incorporate more bioactive molecules (AA, vitamin C) and dex, an anti-inflammatory,
into the Ppy also were not successful. Dex crashed immediately out of solution upon addition of the
oxidant, and the Ppy formed directly on the precipitated solid. AA hindered pyrrole absorption and
polymerization in the silk film to a lesser extent, and was not incorporated itself. No phosphorous
was detectable by EDX, and likely the large size of this phosphate-derivative prevented it from
absorbing into the silk/Ppy matrix.
The ASA/SSA combination, p-TSA, CSA and NAS were all effective at lowering the sheet
resistivity of the silk-Ppy composites, giving values ranging from 4.0-4.8 x 102 /sq, whereas AA
increased the resistivity (Figure 14). The ASA/SSA doped samples consistently gave the best results,
likely due to the favorable packing of these planar aromatic structures within the Ppy matrix,65-67
and the ability of the SSA to prevent Fe3+ precipitation during the polymerization reaction possibly
leading to higher molecular weight Ppy.68 Analogous to the undoped films, the surfaces retained
their smooth nodular morphologies after Ppy deposition (Figure 14). Likewise, Ppy deposition depth
was similar to that of the undoped films, and differences in deposition between the dopants were
statistically insignificant. The Ppy was found to penetrate ~20-25 m into the silk surface, which
corresponded to conductivities on the order of 1 S/cm.
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Figure 14. SEM images of the surfaces and cross-sections of acid-modified silk films after deposition
of Ppy doped with the sulfonic acids listed. The thickness of the black Ppy layer on the air-dried side
(yellow), as well as the thickness of the entire film (red) are highlighted.

The stability of doped films over time was evaluated to determine if the Ppy coatings
become more resistive over time due to degradation or dopant leaching. Samples were maintained
in water for 28 days, and the resistivity was periodically evaluated. As shown in Figure 15, films
containing ASA/SSA as the dopant were the most consistent, maintaining a low sheet resistivity of
5.60.5 x 102 /sq after 28 days. Doping of Ppy films with ASA has been reported to increase
stability as a result of decreased oxygen penetration into the films due to the characteristically
smooth morphology of Ppy-ASA films.66 The resistivity of the p-TSA and CSA doped films were nearly
identical to each other and steadily increased with time, but final values were only 2-3 times higher
than the initial resistivities.
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Figure 15. Plot of changes in sheet resistivity for acid-modified silk films with undoped and doped
Ppy when stored in water for 28 days.

In addition to resistivity, the elemental compositions were evaluated over time using EDX, as
summarized in Table 3 and Figure 16. While quantification of light organic elements with EDX is
difficult, clear trends between the samples were seen. For samples doped with ASA/SSA, a 60%
increase in the sulfur content was initially seen as compared to the undoped samples, and this level
of sulfur was maintained (within statistical error) throughout the 28 days. The p-TSA and CSA doped
samples had a 20% and 10% increase, respectively, that both decayed slightly (but not significantly)
over the 28 days (Figure 15). An undetectable difference in sulfur content was observed for films
doped with NAS compared to films with no dopant at all, and these were excluded from further
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elemental analysis. The increase in sulfur content indicated that the sulfonic-acid containing
molecules are being absorbed and retained in the Ppy/silk composite, and likely serve as additional
anionic dopants to stabilize the conductive cationic form of Ppy. The higher level of sulfur found in
the ASA/SSA samples correlated with a higher observed conductivity, also suggesting that these
molecules are serving as dopants. It was interesting to note that chlorine was undetectable in all of
the doped samples, despite the higher catalyst loading, which is consistent with other reports that
sulfonic acids are effective at displacing chlorine.66 The NAS has a terminal alkene that easily
polymerizes in the presence of radicals, and was proposed to polymerize as a dopant in situ.
However, the absence of increased sulfur content compared to the undoped sample suggests no
incorporation of NAS at all, and that the rapid polymerization of NAS may render it too large to
absorb effectively into the silk matrix as the pyrrole polymerizes.
From this data we concluded that the incorporation of small molecule sulfonic acid dopants
during polymerization was advantageous as it not only lowered the resistivity of the resulting
composites, but it also increased their long-term stability. The combination of ASA/SSA had the best
performance, and was used for further studies detailed later in this chapter.
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Table 3. Atomic percentages of elements found in the various silk samples as measured by EDX.
Day 0

Dopant

C

N

O

S

Cl

Plain

-

66.35 ± 0.18

15.29 ± 0.60

AM

-

65.78 ± 0.41

14.16 ± 0.41

AM +Ppy

-

71.53 ± 0.49

AM +Ppy

ASA/SSA

AM +Ppy

p-TSA

AM +Ppy
Day 14 in water

Na

S/N ratio

18.36 ± 0.43

-

-

-

18.36 ± 0.11

0.83 ± 0.05

-

0.87 ± 0.08

0.059

13.41 ± 0.61

14.14 ± 0.65

0.71 ± 0.05

0.23 ± 0.01

-

0.053

72.37 ± 0.61

11.86 ± 0.25

14.61 ± 0.51

1.17 ± 0.11

-

-

0.099

71.88 ± 0.24

12.92 ± 0.14

14.20 ± 0.30

0.99 ± 0.05

-

-

0.077

CSA

71.79 ± 0.47

13.15 ± 0.01

14.22 ± 0.51

0.84 ± 0.02

-

-

0.064

Dopant

C

N

O

S

Cl

Na

S/N ratio

AM +Ppy

-

70.88 ± 0.40

13.54 ± 0.46

14.76 ±0.01

0.82 ± 0.06

-

-

0.061

AM +Ppy

ASA/SSA

71.75 ± 0.20

12.32 ± 0.01

14.84 ± 0.22

1.08 ± 0.06

-

-

0.088

AM +Ppy

p-TSA

71.38 ± 0.93

13.07 ± 0.49

14.65 ± 0.58

0.90 ± 0.14

-

-

0.069

AM +Ppy

CSA

72.05 ± 0.07

12.98 ± 0.15

14.09 ± 0.23

0.87 ± 0.03

-

-

0.067

Day 30 in water

Dopant

C

N

O

S

Cl

Na

S/N ratio

AM +Ppy

-

70.22 ± 0.54

13.55 ± 0.02

15.79 ± 0.13

0.72 ± 0

-

-

0.053

AM +Ppy

ASA/SSA

71.91 ± 0.52

12.08 ± 0.53

14.87 ± 0.02

1.15 ± 0.01

-

-

0.095

AM +Ppy

p-TSA

71.13 ± 0.50

13.04 ± 0.27

14.96 ± 0.24

0.87 ± 0.04

-

-

0.067

AM +Ppy

CSA

71.41 ± 0.71

13.26 ± 0.35

14.51 ± 0.41

0.81 ± 0.04

-

-

0.061

Figure 16. Plots of the percent increases in sulfur content between the acid-modified silk alone and
the acid-modified films with Ppy containing the different sulfonic acid dopants. The error bars
represent the standard deviation between three samples prepared in an identical manner.
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3.6 Selectivity and Adhesion of Doped Ppy on Plain and Acid-Modified Silk
A consequence of doping the Ppy was diminished deposition selectivity for acid-modified
silk over plain silk was diminished. Significant darkening of plain silk films was also observed.
However, in all cases the doped Ppy deposited on plain silk was 1-2 orders of magnitude more
resistive than that of doped Ppy deposited on the acid-modified silk (Table 4). Imaging of the film
surfaces and cross-sections revealed that the Ppy coatings deposited on the plain silk films were
very rough and easily flaked from the surface. Representative SEM images and sheet resistivities are
shown in Figure 17 (a-c) of the resulting Ppy coatings on plain silk films when the pyrrole
polymerization was carried out with a) no additional sulfonic acid dopant (undoped) and in the
presence of b) p-TSA or c) ASA/SSA. For reference, an image of a Ppy coating doped with ASA/SSA on
an acid-modifed silk film is also given at the same magnification. Optical microscope images of crosssections of plain films with p-TSA-doped Ppy deposited on the surface also illustrate the poor
interfacial bond between the plain silk and Ppy (Figure 17e). The black Ppy easily flakes from the
surface during handling.
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Figure 17. SEM images of the surface of plain silk films coated with Ppy synthesized in the presence
of a) no dopant, b) p-TSA or c) ASA/SSA. d) Image of the surface of an acid-modified film with ASASSA-doped Ppy at the same magnification for comparison. All Ppy films were synthesized using 0.33
equivalents of FeCl3 relative to pyrrole. e) Optical microscope images of cross-sections of plain films
with p-TSA doped Ppy deposited on the surface.

Therefore, the high resistivity of the Ppy on the plain silk could be attributed to the poor
interconnectivity of the Ppy chains, similar to randomly precipitated Ppy in other non-selective
chemical polymerizations. Significant portions of the weakly adhered Ppy on plain films could be
removed with Scotch™ tape. Photographs of the tape that was adhered and then removed from the
various silk-Ppy films are shown in Figure 18. In all cases the majority of the Ppy deposited on plain
silk becomes stuck to the tape and is easily removed, resulting in a 5-7 fold increase in the sheet
resistivities of the plain films (Table 4). In contrast, only light grey smudges were observed on the
tape after removal from the doped Ppy films deposited on the acid-modified silk, which was likely
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from weakly adhered Ppy precipitates on the surface. The sheet resistivity of these samples rose
only by 1.5-2 times after removal of the tape. Therefore, the addition of small molecule dopants to
the polymerization mixture did not adversely affect the ability of the Ppy to penetrate into the acidmodified silk films, and smooth and coherent layers of Ppy with significantly higher conductivity
than those on plain silk films were formed. In all cases, the doped Ppy films deposited on the acidmodified films were smoother, had tighter adhesion and had 1-2 orders of magnitude lower sheet
resistivity.

Figure 18. Photographs of the Scotch™ tape that was adhered and then removed from plain and
acid-modified silk-Ppy films synthesized in the presence of the dopants listed. Doped Ppy films
deposited on plain silk films are loosely adhered, and the majority of the film is removed with the
tape as shown. In contrast, only a light grey haze was observed on the tape following removal from
the acid-modified silk films, leaving the conductive Ppy layer intact.
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Table 4. Sheet resistivity of films before and after Scotch™ tape adhesion tests.

Sample

Dopant

Plain Silk

None

1.5 x 105

Sheet Resistivity After
Tape Removal
(/sq)
7.6 x 105

Acid-Modified Silk

None

1.5 x 103

2.3 x 103

Plain Silk

p-TSA

5.6 x 103

3.0 x 104

Acid-Modified Silk

p-TSA

5.5 x 102

1.2 x 103

Plain Silk

ASA/SSA

1.6 x 104

1.2 x 105

Acid-Modified Silk

ASA/SSA

5.4 x 102

7.8 x 102

Initial Sheet Resistivity
(/sq)

3.7 Cyclic Voltammetry
While the actual electrical stimulation conditions for in vivo use will vary dramatically based
on the application,1,

2

preliminary electrochemical stability of ASA/SSA doped Ppy films was

evaluated by subjecting the films to 200 oxidation and reduction cycles using cyclic voltammetry
(CV). Studies were carried out in a 3-electrode cell equipped with a platinum wire counter electrode
and an Ag/AgCl reference electrode. Circular acid-modified silk films (11.5 mm diameter) coated
with Ppy containing the ASA/SSA dopant served as the working electrode. An aqueous solution
containing 10 mM ASA/SSA (1:4 ratio) was used as the supporting electrolyte to minimize any
effects of dopant exchange.
When films were cycled between -0.5 to +0.5V, an oxidation peak at 0.3 V was observed, but
no distinct reduction (Figure 19a). Surprisingly, when continuously cycled the films exhibited a 25%
increase in charge storage capacity, as calculated by comparison of the area of the 10 th scan and the
200th scan. To evaluate more extreme conditions, the experiment was repeated with a new film,
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cycling between -1.0 and +1.0V. In this broader window, films exhibited more distinct oxidation
(~0.5 V) and reduction (-0.2 V and -0.8 V) peaks (Figure 19b). While slight degradation was seen
under these more aggressive conditions, films still retained 80% of their initial charge storage
capacity from the 10th to the 200th scan. The majority of the current loss occurred during the first 50
oxidation and reduction cycles, suggesting that the film must be cycled for some time before a
steady state electrolyte concentration in the film is reached.69 A slight drift in the peak potentials
was also observed. Specifically, the oxidation peak began at 0.49 V and shifted to 0.55 V after 200
cycles. Likewise, the major reduction potential shifted from -0.81 V to -0.73 V, and the smaller
reduction peak shifted from -0.25 V to -0.24 V. Overall, these silk-supported Ppy films exhibited
significantly higher stability as compared to literature reports of Ppy films deposited on platinum

electrodes,70, 71 indicating their potential for use in long-term implants.

Figure 19. Cyclic voltammograms of an acid-modified silk film coated with ASA/SSA-doped Ppy. CV
was performed a) from -0.5 to +0.5 V at a scan rate of 15 mV/s or b) from -1.0 to +1.0 V at a scan
rate of 50 mV/s in an aqueous solution containing 10 mM ASA/SSA (1:4 ratio) using an Ag/AgCl
reference electrode and a platinum wire counter electrode.
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3.8 Enzymatic Degradation of Silk Films
As an initial simulation of how the silk-Ppy composites might perform upon in vivo use, films
were exposed to several enzymes to mimic biodegradation. Films were exposed to solutions
containing 10 units/mL collagenase, α-chymotrypsin, or a general protease (type XIV) that is known
to degrade silk.72 High enzyme concentrations were used to accelerate the degradation process,
which would normally occur at a far slower rate. Three types of insoluble silk films (prepared as
described above) were evaluated: 1) plain silk films, 2) acid-modified films, and 3) acid-modified
films with a Ppy coating doped with ASA/SSA. Films were dried, weighed, immersed in the enzyme
solutions, and then incubated at 37 °C for 1, 3, 5, or 10 days. Silk films soaked in 5 mM Ca 2+ in
nanopure water (pH 7.0) or in 1 mg/mL bovine serum albumin (BSA) were used as controls. Mass
loss, surface resistivity and electroactivity (measured with CV) of the films were evaluated over time.
As shown in Figure 20a, acid-modified and plain films exposed to protease XIV exhibited the
largest degree of degradation as measured through mass loss. The acid-modified films disintegrated
by 5 days of exposure, while the plain silk films still had a measurable mass until 10 days. The
increase in degradation rate for the acid-modified films is likely due to the increased hydrophilicity
as compared to the plain silk, which facilitated degradation and dissolution into the water. Coating
the films with Ppy dramatically reduced the ability of the enzyme to degrade the silk protein
resulting in only an 8% mass loss after 10 days. The same trend was observed when films were
exposed to collagenase, although the total degradation was decreased as compared to protease XIV
(Figure 20b). No significant mass loss (< 2%) occurred with the Ppy coated films, while the plain silk
and acid-modified films lost 12% and 22% of their mass after 10 days, respectively. For films exposed
to -chymotrypsin, a 2-6% mass loss was observed after 10 days, but there was not a significant
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difference between each of the film types (Figure 20c). No mass loss was observed in films stored in
water or in the presence of BSA.

Figure 20. Mass loss of plain silk, acid-modified silk, and acid-modified with ASA/SSA doped Ppy
exposed to 10 U/mL a) protease XIV, b) collagenase or c) α-chymotrypsin for 10 days.
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While slight variations in mass loss were observed upon exposure of the silk-Ppy composites
to each of the enzymes, all films exhibited a uniform increase in sheet resistivity with time (Figure
21a). Resistivity rose roughly an order of magnitude at each time point, irrespective of enzyme type.
The lack of correlation between extent of enzyme degradation and conductivity loss suggested that
the effect was due to non-specific binding of the enzymes on the surface of the film,18, 73 rather than
a specific degradation event. Films evaluated using SEM after exposure to the enzyme solutions had
a significant amount of debris on the surface that charged heavily in the electron beam, further
suggesting that protein was accumulating on the surface. Furthermore, films soaked in solutions of
BSA (a protein with no enzymatic activity) at comparable concentrations to the enzymes exhibited a
similar, albeit smaller, increase in sheet resistivity over time.
To further evaluate the effects of enzyme exposure, cyclic voltammetry was employed to
probe the electroactivity of the films over time. To avoid protein interference at the contact,
electrical contact was made by adhering copper tape encapsulated in Kapton tape to one end of the
films prior to enzyme exposure. As shown in Figure 21b, films did in fact retain their electroactivity
throughout the 10 days of enzyme exposure. A shift in the reduction potential from -1.2 V to -0.55 V
and a ~50% decrease in current were observed over time, suggesting some degradation. Again, the
degradation could be due to decomposition of the Ppy backbone, or simply protein accumulation on
the surface could be affecting the ability of ions to flow in and out of the films. Regardless of
whether these changes are due to Ppy degradation or protein absorption, the underlying Ppy films
do retain a significant amount of electrical function as long as electrical contact is made to the film
prior to biomolecule exposure.
The identity and conformation of proteins and other biomolecules that absorb on the
surface of materials exposed to biofluids can strongly dictate how cells will interact with the
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material. Several recent studies highlight the unique ability of conducting polymers to
electrostatically control the conformation of biomolecules on their surface.74-76 The ability of our
silk-Ppy composites to attract biomolecules can therefore be used to our advantage, as it should be
possible to tailor the composition and conformation of proteins on the surface by varying the
oxidation state of the Ppy. Extension of our methods to the synthesis of 3D conductive silk scaffolds
is also facile, leading to the possibility of spatial control of protein absorption in three dimensions.

Figure 21 a) Plot of sheet resistivity versus time for films exposed to 10 U/mL enzyme, 1 mg/mL BSA
or water. b) Cyclic voltammograms taken of the same film after exposure to protease XIV for the
number of days given. CV was performed in an aqueous 10 mM ASA/SSA (1:4 ratio) solution at a
scan rate of 25 mV/s using an Ag/AgCl reference electrode and a platinum wire counter electrode.
The film was cycled twice at each time point, and the 2nd cycle is shown.
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3.9 Three-Dimensional Silk Structures
While the majority of the work in the optimization and characterization of our silk-Ppy
composite materials were carried out with 2D films, electrodes with more complex structures are
the desired goal. Regenerated silk fibroin is easily processed into a variety of different geometries,
including electrospun fibers and mats, three-dimensional sponge-like scaffolds, and gels. Utilizing
the same series of modifications on solid structures, we demonstrate that we can extend our
syntheses to develop electrode designs with high surface areas in three dimensions.

3.9.1 Three-Dimensional Scaffolds
Sponge-like scaffolds with interconnected pores have numerous biomedical applications,
particularly in bone tissue engineering due to the similarity in structure to spongy bone tissue. These
scaffolds serve as temporary artificial extracellular matrices to support cell adhesion and
differentiation, and promote tissue formation in three dimensions. Several reports have
demonstrated that silk fibroin can be processed into these 3D shapes, and support cell growth
within.48, 77, 78 We adapted these procedures for our materials, and developed silk-Ppy electrodes
with high surface area and varying porosity.
3D scaffolds were prepared by porogen-leaching methods (using NaCl as a porogen)
according to previously published protocols,48,

79

both from aqueous silk solutions and from

hexafluoroisopropanol (HFIP) silk solutions. Diazonium coupling and pyrrole polymerization were
carried out in the same manner on these 3D structures as the films. The resulting scaffolds were
visually macroporous, and showed the same color changes as seen with the films (Figure 22).
Scaffolds prepared by each method exhibited markedly different morphologies, as shown by SEM
(Figures 23, 24). Both scaffolds demonstrated highly interconnected, large porous features. The pore
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sizes in the resulting scaffolds were always smaller than the diameter of the template NaCl porogens
(500-600 and 100-200 µm), but clear differences in feature size were seen between the 500-600 and
100-200 µm scaffolds for the HFIP-derived scaffolds (Figure 23b,c). As shown in Figure 24, the HFIPderived scaffolds have more ‘platelet’-like, rough features whereas the aqueous-derived scaffolds
have a noticeably thinner, smoother architecture. Like the films, the composites were able to be
imaged in the SEM without sputter coating, indicating that they are conductive. However, due to the
complex structure of these sponges, obtaining a representative conductivity was problematic. The
scaffolds were clipped between two electrodes, the voltage drop was measured across the scaffold
at a given current, and used that to calculate the resistance. For rectangular 2x2x8 mm scaffolds,
the measured resistance was found to be 0.70 KΩ, with a 6 mm distance between electrodes.
Additionally, the silk filaments found within the scaffolds were on the order of 20-50 µm thick.
Assuming similar absorption profiles of acid-modification and Ppy as seen in the films, it is likely that
the Ppy has completely permeated the entire structure.

Figure 22. Plain and acid-modified aqueous-derived scaffolds prior to and after exposure to pyrrole
polymerization.
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Figure 23. SEM images of acid-modified HFIP-derived scaffolds cast with a,b) 500-600 and c) 100-200
µm diameter NaCl porogens after exposure to the pyrrole polymerization for 2 h.

Figure 24. SEM images of acid-modified 3D scaffolds derived from HFIP (a,b) and aqueous (c,d) silk
solutions after exposure to the pyrrole polymerization for 2 h.
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3.9.2 Porous Silk Films
In addition to 3D scaffolds, we also extended our chemical modifications to silk films with
definable porosity and enhanced surface area in a two-dimensional film. Jin and coworkers49
developed a method of blending poly(ethylene glycol) (PEG, MW 900,000) with silk fibroin to obtain
biomaterial films with enhanced elasticity, and films of controlled porosity upon extraction of the
PEG. Due to the phase-separation of the two polymers in solution, resulting films exhibit a
repeating, globule-like structure of silk fibroin with sizes dependent on the ratio of PEG to silk used.
With slight modifications to the protocol by Jin and coworkers, 90:10, 80:20, 70:30 and 60:40 (by
weight) blends of silk:PEG were prepared from aqueous solutions of silk (8 wt%) and PEG (MW
1,000,000) (3 wt%). Appropriate volumes of each were added, thoroughly mixed and solution cast
onto PS Petri dishes. After extraction of the water-soluble PEG, films with varying porosities were
obtained.
As the ratio of PEG to silk increased, the films became notably fragile, where thin regions
broke apart easily upon handling. In order to extract some of the higher concentrations of PEG, films
were sonicated in water. FTIR was employed to ensure complete removal of PEG, confirming the
disappearance of the OH stretching vibration around 3400 cm-1. After the diazonium coupling
reaction, the porous films visually appeared a darker orange than the standard 2D films, indicating a
more effective acid-modification. Further analyses of the extensive microporosity of these films
suggest that the small globule features and increased surface area allowed a more complete
absorption and modification into the silk structures. After exposure to the polymerization reaction,
porous films were found to have sheet resistivities on the same order as the standard 2D
composites (Table 5).
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Table 5. Sheet resistivities of porous silk films.
Silk:PEG ratio (wt:wt)

Sheet Resistivity (Ω/sq)

90:10

9.92 x 102

80:20

2.22 x 103

70:30

2.61 x 103

60:40

2.27 x 103

Upon further inspection, scanning electron microscopy revealed the porous films were
composed of a series of globular features, similar to those seen by Jin et al.49 However, the globules
did not appear uniform in size until high PEG contents (60:40) were utilized. As shown in the surface
SEM images (Figure 25), uniform porosity was not evident until the 70:30 and 60:40 films, with
particle size decreasing as PEG content increased. Porosity at these ratios (Figure 26) appeared to
continue throughout the entire thickness of the film, which was not observed in blends with lower
PEG content. Films cast from 90:10 and 80:20 silk:PEG (Figure 25a,b) exhibited similar globule
structures, but not in a consistent pattern or size. Moreover, porosity in these films was
heterogeneous and patchy, with the majority of the disk-like features forming in the outside
perimeter of the film. This is likely an effect of drying, as the inside of a circular free-cast film dries
quickly, allowing more time for phase separation between the silk fibroin and PEG to occur and
organize. Likewise to the scaffolds, due to the small feature size and increased surface area, these
films likely become completely modified. This hypothesis is also supported by the cross-sectional
images in Figure 26, where no charging is observed due to non-conducting regions in the films.
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Figure 25. SEM images of porous films cast from silk:PEG blends (wt:wt), after PEG extraction, acidmodification and Ppy deposition. Films were prepared from solutions blends of a) 90:10, b) 80:20, c)
70:30 and d) 60:40 ratios of silk:PEG.
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Figure 26. SEM images of porous films cast from silk:PEG blends (wt:wt), after PEG extraction, acidmodification and Ppy deposition. Surfaces and cross-sections of 70:30 and 60:40 ratios exhibit
repeating globules of silk, extending through the width of the films.
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4. Conclusions and Outlook
Here we have described a strategy to produce a conductive interpenetrating network of silk
fibroin and Ppy by augmenting the hydrophilicity of silk films through covalent attachment of
sulfonic acid groups. Increased hydrophilicity of the silk surface as well as electrostatic attraction
between the two charged polymers drives the Ppy to completely intercalate with the silk during
polymerization, resulting in the formation of robust composites that are incapable of delamination.
We were able to produce mechanically strong silk-based electrodes with conductivities on the order
of 1 S/cm that remained conductive after extended storage in water, and were stable towards
repeated oxidation/reduction cycles. When exposed to proteases, the Ppy layer protected the silk
from rapid degradation. Proteins were found to foul the Ppy surface, but the underlying films
retained their electroactivity. While the majority of the optimization studies discussed here used 2D
films, our findings can be directly translated into construction of conductive 3D silk structures that
have a myriad of applications. We are also using specially designed versions of these composites as
electromechanical actuators,4 as will be discussed in the following chapter, with an eye towards
developing implantable valves, drug delivery devices or engineered tissues capable of controlled
stimulation.
Crude patterning was achieved by exploiting the selective adhesion of Ppy on our acidmodified silks versus plain silk. Refinement of our patterning techniques using soft lithography 80 or
ink-jet printing81 will allow for the creation of complex microscale electrode patterns on the surface
of our flexible, fully biocompatible silk films. Several future applications can be envisioned for these
devices, including cell culture substrates capable of stimulating single cells or small groups of cells,
spatial control of biomolecule adsorption on the surface,74-76 or brain-computer interfaces placed on
the surface of the brain to record brain activity.82
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ELECTROMECHANICAL ACTUATORS USING SILK-CONDUCTING POLYMER COMPOSITES
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1. Introduction
Over the past few decades, there has been a growing interest in systems capable of
biomimetic movements that are not achievable with standard motors. It would be advantageous if
these systems can interface with biological environments and fill a niche as biomedical devices.
Several materials have been investigated for use as ‘artificial muscles’ with life-like movements
under the application of an external stimulus. These include shape memory alloys such as Nitinol,
and a broad class of electroactive polymers (EAPs) which are either ionically or electronically
controlled. Ionic EAPs consist of ionic polymer gels (IPGs), ionic polymer-metal composites (ICPMs)
and conducting polymers (CPs), whereas electronic EAPs include piezoelectric, electrorestrictive,
and dielectric polymers. Piezoelectric polymers suffer from low strains (<0.1%) and require hundreds
of volts to actuate.1 Electrorestrictive and dielectric elastomers are capable of much higher strains
(up to 380%), but operate at even higher potentials (1000 – 5000 V).1, 2 While these elastomers may
have applications in some robotics, the high potential requirement renders them impractical for
operation in fluid, and therefore biological, environments.
In contrast, CPs possess a variety of attributes that make them particularly well suited for
interfacing with biological systems. First, CPs have marked biocompatibility in vitro and in vivo, are
capable of delivering electrical stimuli that have been shown to promote nerve regeneration and aid
in wound healing,3-6 and have demonstrated applications as biosensors.7 Actuators based on CPs can
be electrically controlled at low operating voltages (typically 1 V), continuously switched between
expanded/contracted states and operate well in liquid electrolytes (biofluids). Additionally, CP
actuators can generate large stresses (3-5 MPa) and large strains (up to 30%) electrochemically.1, 8-10
Bio-applications of these actuators include use as steerable catheters, valves, blood vessel sutures
and applications in controlled drug release and tissue engineering systems.2, 11
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1.1 Actuation Mechanism
CPs are known to undergo volume changes due to ion flow to and from the polymer matrix
upon oxidation and reduction of the polymer backbone, as shown in Figure 1. As the polymer
backbone is switched between oxidized and neutral states through application of a sufficiently
oxidizing (positive) or reducing (negative) potential, mass transport of ions and solvent elicit volume
changes in the polymer matrix to retain charge neutrality. In the oxidized state, the polymer carries
positive charges along its backbone and these charges are compensated by anions, or “doping”
molecules. This stabilized complex is the conductive form of the CP. Depending on the relative size
of the doping anions, ion flow can either occur by anion or cation exchange (Figure 1). Cation
exchange occurs when the doping anions are large enough to become physically trapped within the
CP. In the oxidized complex, the large anions balance the positive charges in the polymer backbone.
When reduced, cations from the electrolyte flow in to balance the trapped negative charges and the
polymer swells. Anion exchange occurs when the doping anion is small enough to move freely in and
out of the polymer matrix, also called “doping and de-doping”. In the oxidized state, anions flow in
to balance the cationic polymer, but exit upon reduction to neutral. For medium-sized anions, both
of these processes occur simultaneously and the result is no net movement.2
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Figure 1. Possible modes of volume change by electrochemical switching of Ppy.

1.2 Types of Devices
Electrically-controlled CP actuators directly transform electrical energy into mechanical
work, and are classified as “electromechanical” actuators. This generated strain/force can be
exploited in bending, linear or volumetric movements. A variety of actuator devices have been
designed based on poly(aniline) (PAni),12-17 poly(pyrrole) (Ppy),1,

9,

11,

18-27

and poly(3,4-

ethylenedioxythiophene) (PEDOT).28-31 Due to the brittle nature of CPs, these actuators are
constructed as composites of CP and a support material for structural integrity. Ppy and PEDOT are
insoluble in most organic solvents, and are typically electropolymerized directly onto a metal foil or
metalized surface or films are subsequently transferred to a support material such as Scotch™ tape.
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This limits the realization of three-dimensional structures or more complex shapes. PAni has the
advantage of chemical synthesis and solubility in organic solvents, which opens the possibility of
more complex geometries than simple two-dimensional films. However, the oxidation state and
conductivity of PAni is very sensitive to pH,12 making operation of PAni devices quite complex in
vivo.
The most commonly studied actuator systems are two-dimensional bending systems,
typically consisting of electropolymerized films on inactive support materials such as tape11, 32-34 or
metal foils.19, 21, 35 These systems are either bilayer (unimorph) or trilayer (bimorph) actuators, which
bend due to swelling and contracting of the CP layer(s) upon exposure to sufficient oxidizing or
reducing potentials. In these investigations, bending angle or displacement is commonly reported.
Structures have also been designed to exploit linear movements, where the actuator is clamped on
two ends to study strain, stress and force generated during actuation. Many of these geometries are
free-standing films,1, 31, 36-38 but several groups have also generated large forces using bundled fibers
and tubular structures.1, 18, 22 In addition, cyclic voltammetry (CV) experiments are frequently carried
out alongside deformation studies to compare electrochemical changes to the physical distortions
occurring during actuation.

1.3 Optimization of CP Actuation
Actuation behavior depends on a wide variety of factors, both of the material itself and of
the actuation experimental conditions. The morphology of the actuator surface directly affects the
ability for ions to flow to and from the CP matrix, and porous morphologies with increased surface
area have been shown to improve ion mobility.39-41 The polymer structure, in turn, depends heavily
on the synthesis conditions, such as charge density, reagent concentrations, polymerization time,
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solvent and doping species.2 Many studies have shown that the dopant species imparts differences
in the structure and electrochemical stability of the polymer.1,

36, 37

The doping species in

combination with the ions in the supporting electrolyte also dictate whether the electromechanical
deformations occur by anion or cation exchange, and the relative sizes of these ions can result in
different strains in the polymer matrices.
In addition to the physical and chemical properties of the active CP, device architecture such
as the relative thickness, shape and mechanical properties of the inactive support material or
methods of “electroding” (electrical connection to the CP layer) the actuators also affect the
actuation performance. Due to the semiconducting nature and inherent electrical resistance, CPs
suffer from a significant voltage (iR) drop with increasing distance from a point of electrical contact.
This causes only the area nearest to the electrical contact to experience the full applied potential
and undergo redox reactions, depicted in Figure 2. Hutchison and coworkers demonstrated that
extending the electrical contact down the entire length of a Ppy film increased the stress generated
by almost six fold compared to a film with electrical contact made only at one end.18 Similarly, Hara
and coworkers observed increased strains by increasing the number of electrode contacts to a 10
cm Ppy film.1

Figure 2. Schematic diagram showing the effect of voltage (iR) drop on the actuation of a CP.
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Although work in optimizing synthesis conditions, doping species, device architecture and
supporting electrolyte has brought CP actuators quite far in improving performance, these systems
are far from fully biocompatible. While the CPs themselves have exhibited biocompatibility, the
support materials and actuating media (supporting electrolytes) typically used have not. For
example, CP films are commonly backed on tape or metal foils with poor adhesion to the CP.2, 11, 33
This construction also limits device architecture to two-dimensional designs. In addition, most
actuation studies are carried out in non-biocompatible media consisting of organic solvents and/or
inorganic salts such as propylene carbonate and lithium perchlorate.11, 31, 32, 42 In order for these
devices to be viable, for biomedical devices, they need to function in biologically relevant fluids.
This chapter describes our efforts to employ our silk-Ppy composite materials as
electromechanical actuators. As previously described, the composites are composed of Ppy and a
biocompatible, degradable support material, silk fibroin. The ability to selectively absorb Ppy into
the surface of silk substrates using chemical polymerization techniques greatly broadens the
possibility for using a variety of device architectures and eliminates the need for non-biodegradable
supports and metals. Initial studies focused on redesigning our composites into a bilayer
construction which exhibited repeated bending movements under applied currents less than 5 mA
and potentials between 1-4 V. The actuators were found to operate through anion exchange, with
primarily chloride and phosphate ions from the supporting electrolyte moving in and out of the
polymer matrix. The actuation experiments were carried out in biologically relevant electrolytes,
and demonstrated electrically-controlled motion as a fully biocompatible system.
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2. Experimental
2.1 Materials and Instrumentation. All chemicals were purchased from Aldrich, Sigma or Fluka and
used without further purification. Silk fibroin was obtained by harvesting cocoons produced by
Bombyx mori silkworms grown in our laboratories, or from cocoons donated by the Tissue
Engineering Resource Center (TERC) at Tufts University. Infrared spectra were measured on solid
films in ambient atmosphere with a Fourier transform infrared spectrometer (FTIR)
(ThermoScientific Nicolet IS10) equipped with an attenuated total reflectance (ATR) accessory.
Topography and cross-sections of silk films and scaffolds were visualized by scanning electron
microscopy (SEM) using a Vega TS 5136MM with an energy dispersive X-ray (EDX) spectrometer
and retractable backscatter detector (BSE). Films were fractured in liquid nitrogen to visualize crosssections, and all samples were mounted with carbon tape on aluminum stubs. Samples were
conductive enough to be imaged directly, so no metal coating was used. Optical microscopy was
performed using an Olympus SZX16 Optical Microscope. Sheet resistivity measurements were made
with a Lucas Labs S-304-2 four-point resistivity probe (Signatone SP4-40045TBY tip) powered by a
Keithley 2400 Sourcemeter. Actuation experiments were also powered by a Keithley 2400
Sourcemeter. Cyclic voltammetry experiments were carried out using a Pine Research
Instrumentation WaveNow potentiostat, and data was recorded and analyzed using AfterMath
software. Counter and reference electrodes were purchased from Bioanalytical Systems, Inc.

2.2 Preparation of Bilayer Actuator Films. Bilayer actuator films were prepared using previously
published protocols with slight modifications.43 Solid films were prepared by casting 7-8 wt%
aqueous silk solutions (as described in Chapter 1) over a rectangular area (1 mL silk solution per 12
cm2 surface area) onto a silicone mat, and allowed to dry. Dried films were then removed from the
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silicone surface, and rendered insoluble by treatment with 70% ethanol as previously described. The
visual difference between the side of the films dried exposed to the silicone surface and the air was
apparent, with the surface dried in contact with the silicone appearing dull compared to the side of
the film dried in contact with the air. For bilayer actuators, chemical modifications were made only
to the silicone-dried side. Prior to each reaction, solid films were blotted dry with a Kimwipe and
adhered to the bottom surface of Petri dishes with double-sided tape (3M™ Repositionable Tape,
666) with the air-dried surface in contact with the tape, and silicone-dried surface facing up in
contact with the reaction solution. Diazonium coupling and pyrrole polymerization modifications
were carried out as described in Chapter 1, adhering the films to the Petri dish prior to each
reaction. Actuator films were doped at 0.1 molar equivalents to pyrrole with sodium allyl sulfonate
(NAS), p-toluene sulfonic acid (p-TSA), or a combination of anthraquinone-2-sulfonic acid (ASA) and
5-sulfosalicylic acid (SSA) in a 1:4 ratio of ASA to SSA. FTIR was employed to ensure modifications to
the desired side only.

2.3 Electrical Characterization. Sheet resistivity of the Ppy-modified side of bilayer films was
measured in ambient atmosphere with a Lucas Labs S-304-2 four-point resistivity probe (Signatone
SP4-40045TBY tip) powered by a Keithley 2400 Sourcemeter (as described in chapter one).
Conductivity was calculated from sheet resistivity using conducting polymer film thicknesses,
obtained by evaluating film cross-sections with SEM.

2.4 Electrochemical Characterization.
2.4.1 Cyclic Voltammetry. Cyclic voltammetry (CV) was carried out using the 3-electrode cell
described in Chapter 1. Circular silk films (diameters ranging from 8 to 12 mm) coated with Ppy
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served as the working electrode. Electrochemical studies were carried out in a range of aqueous
supporting electrolyte solutions: phosphate buffered saline (PBS) (0.1 or 1 M Na3PO4, 0.15 or 1.5 M
NaCl) and 0.2 M solutions of NaCl, KCl, CaCl2, MgCl2, and normal Tyrode’s solution. Scans were
initiated at 0 V and swept in various windows between +1.5 V and -1.5 V at scan rates ranging from
15 to 200 mV/s.
2.4.2 Bulk electrolysis. Bulk electrolysis experiments were run with the same three-electrode cell
used for CV, but were held at constant oxidizing or reducing currents (± 0.1-0.4 mA) for varying
lengths of time, typically three minutes. Samples for elemental analyses were taken after peak
oxidizing or reducing currents.

2.5 Actuation of Bilayer Films. Actuation experiments were run using a two-electrode system in
0.1 M PBS, utilizing the bilayer silk-Ppy film as the working electrode and a platinum wire or gauze as
the combined reference/counter electrode. All experiments were powered by a Keithley 2400
Sourcemeter. Electrical contact was made to the silk-Ppy film either through direct contact with a
flat-faced alligator clip, or by copper tape over a small area of silver colloid painted onto the film, all
encased in Kapton® tape. The silver colloid served as a medium to provide sufficient electrical
contact between the smooth copper tape and the porous film surface. The direct-clip method
resulted in the electrical contact positioned just above the solution interface, whereas the Kapton®
tape encasing allowed the film area to be completely submerged. Actuator films were positioned
with the Ppy-modified side facing the platinum electrode. A schematic of the experimental setup is
shown in Figure 5. Currents ranging between ±0.1 and ±5 mA were applied to achieve potentials
between ±1-7 V. Initially, gradually reducing currents (negative) were applied, followed by cycling
between oxidizing and reducing currents (positive/negative).
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3. Results and Discussion
3.1 Construction of Bilayer Actuators
For primary proof-of-concept experiments, we utilized a simple bilayer device geometry,
with the active conducting polymer on one face (Ppy), and an inactive support material on the other
(silk fibroin). One striking difference with our bilayer actuators as compared to others is the
composition of the “active” CP region. Rather than a continuous layer composed purely of Ppy and
respective counterions, the active CP ‘layer’ in our composites is an intercalated arrangement of
sulfonic-acid modified silk fibroin, Ppy, and any additional counterions. This dense network of
polymers may result in slow diffusion of ions, requiring higher actuating potentials and causing
longer response times. However, the formation of this interpenetrating network is advantageous for
the construction of durable devices as delamination of the Ppy layer is not possible.
Initial attempts to construct bilayer actuators with films cast on PS Petri dishes proved
unsuccessful, presumably due to the smooth surfaces. The Kaneto Group demonstrated that high
surface area geometries allowed for more effective ion and/or solvent flow and were favorable over
smooth morphologies.39, 41 As discussed in Chapter 1, films with high surface area can be obtained
by casting aqueous silk solutions onto a silicone tray. The microporosity of the silicone surface easily
translated to the silk (Figure 3). To modify only the porous face (silicone-dried side), films were
adhered to the surface of PS Petri dishes with double-sided 3M™ repositionable tape prior to
diazonium coupling and pyrrole polymerization reactions. This resulted in the Ppy-face of the bilayer
with a highly porous surface area, allowing for more effective ion diffusion during actuation (Figure
4).
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Figure 3. Schematic of the process used to create bilayer actuator films.

Figure 4. a) Optical microscope image of a bilayer actuator film cross-section, with modifications
made to the silicone-dried surface (“Ppy” side). b) SEM image of bilayer cross-section, with partial
view of the surface. The entire silk region (red) and depth of Ppy penetration into the silk surface
(yellow) are highlighted. White ridges in the cross-section are microscope artifacts of charging in the
non-conductive silk region, as samples were not sputter-coated prior to imaging. c) SEM image of
actuator film surface, illustrating the high porosity of films cast on silicone.

As described in Chapter 1, pyrrole monomers absorb and polymerize within the acidmodified silk constructs, typically diffusing 20-25 µm into the surface. In the silicone-cast actuator
films, Ppy depths were generally smaller, (~17 µm, Figure 4b) possibly due to the increased
hydrophobicity of the surface templated by the hydrophobic silicone. The sulfonic-acid decorated
silk results in partially oxidized (cationic) Ppy deposition within, where the negative charges of the
sulfonic acids pair with the positive charges on the Ppy backbone to maintain charge neutrality.
Additionally, small molecule sulfonic acid dopants were added during the polymerization in situ to
enhance conductivity, supplementing the covalently bound anions in the silk. Several conditions
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were investigated, summarized in Table 1. Dopants, reagent concentrations, and polymerization
times were varied. All doped films were found to actuate in a bending fashion upon addition of an
electrical stimulus, however acid-modified films without additional dopant did not actuate. The
identity of the doping anion present during Ppy synthesis has been shown to impart morphological,
electrochemical and stability differences on the resulting polymer,44,

45

which may explain the

necessity of the dopant in the actuator films.

Table 1. Pyrrole polymerization conditions for bilayer actuator films.
Dopant
(0.1 mol. eq.)
None
NAS
p-TSA
ASA/SSA

[Pyrrole] (mM)

[FeCl3] (mM)

50
50
100
50
100
50

15
15
30
15
30
15

Polymerization
Time (hours)
2
2
1
2
1
2

Actuated?
X






3.2 Actuation Behavior
Ppy undergoes volume changes due to ion and/or solvent diffusion in and out of the
polymer matrix upon electrochemical switching between oxidized and reduced states. This can be
exploited in bending movements in a bilayer actuator design. These dimensional changes can occur
either by anion or cation exchange (Figure 2), dictated by the relative size of doping anions
incorporated in the active CP matrix and the electrolyte species present in the actuating medium. As
discussed in the introduction, cation exchange occurs primarily when large, anionic dopants are
utilized, which become physically trapped in the CP network. On the other hand, anion (or mixed)
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exchange occurs when doping ions are small enough to diffuse with ease across the CP-electrolyte
interface.
In a bilayer design, ion flow only occurs on the electroactive face (containing the CP) during
electrochemical switching, resulting in a bending motion. Depending on whether anion or cation
exchange predominates, the active layer will either 1) expand upon oxidation and contract upon
reduction (anion) or 2) contract on oxidation and expand on reduction (cation). Moreover, mixed ion
exchange will result in no net movement. The active Ppy layer in our bilayer actuators were doped
with small molecules (p-TSA and ASA/SSA) and NAS, an allylic sulfonic acid thought to polymerize
along with the pyrrole in situ. Incorporation of a large polymeric anion was anticipated to direct
cation exchange, which has been observed in CP actuators doped with large anions such as
dodecylbenzenesulfonate (DBS).11, 32, 46
While most actuator studies are carried out in non-biocompatible liquid electrolytes, we
aimed to develop Ppy actuators capable of operating in only biologically-relevant fluids. Therefore,
all actuation experiments were run in either phosphate buffered saline (0.1 M sodium phosphate,
0.15 M NaCl) (PBS) or saline (0.2 M NaCl) aqueous solutions. Ions present were phosphate (PO 43-),
Cl-, and Na+, all small enough to diffuse through the polymer matrix. A two-electrode apparatus was
employed, with the silk-Ppy bilayer serving as the working electrode and platinum mesh as the
combined reference/counter electrode. The bilayer was positioned with the electroactive side facing
the platinum electrode. Electrical contact was made to the bilayer either by directly clipping with a
flat-faced alligator clip or through copper tape encased in Kapton® tape. A schematic of the
experimental apparatus is shown in Figure 5a, along with possible directions of motion during
oxidation and reduction of the bilayer (Figure 5b,c).
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All experiments began by application of a gradually reducing current to the bilayer.
Increasingly negative current values (-0.1 mA to -1 mA) were applied over a period of approximately
10 minutes. Movement was usually observed when resulting potentials reached 2-3 V, and current
was occasionally increased past -1 mA in order to achieve this. After the initial reduction period, the
applied current was jumped to +1-2 mA, or sufficient values to result in voltages between 1-4 V.
Successful films underwent a large contracting motion when initially reduced, followed by smaller
expansion/contraction cycles when cycled between +/- currents. Films rarely returned to the initial
starting position upon the first oxidation. While actuation performance was variable between
samples, bilayers doped with NAS and p-TSA typically actuated most effectively between 2 and 4 V
under reduction and 1 and 3 V under oxidation. Figure 6 shows representative bending motions
observed in NAS and p-TSA doped actuators.

81

Figure 5. a) Schematic of the two-electrode apparatus for actuation experiments. Possible direction
of bending due to b) anion exchange and c) cation exchange.

Figure 6. Representative actuation experiment for silk-Ppy bilayer actuators doped with NAS and pTSA, run in 0.1 M PBS as the supporting electrolyte. The active Ppy layer is facing the counter
electrode (Pt mesh). Bilayers contract under reducing currents (red) and expand under oxidizing
currents (blue).
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Behavior of actuator films was found to be dependent on the dopant type. The most success
was found with NAS doped films, despite their slightly higher resistivities (103 versus 102 Ω/sq for
p-TSA and ASA/SSA doped films). Films occasionally underwent an initial ‘expansion’ prior to
contracting under reducing currents, possibly due to the natural force generated as the thin
actuator films dry and curl in the small region near the electrical contact, which was positioned
above the electrolyte solution. The observed contraction under reduction and expansion under
oxidation suggests that the bilayer films operate primarily by anion exchange. While p-TSA and NAS
doped films appear to follow similar actuation patterns, ASA/SSA-doped films exhibited slower
response times and required higher potentials to actuate. In addition, bilayers doped with ASA/SSA
have shown limited ability to cycle repeatedly. Typical behavior of doped actuator films is
summarized in Table 2.

Table 2. Actuation behavior of doped films.
Dopant
NAS
p-TSA
ASA/SSA
a

Sheet Resistivity
(Ω/sq)
1.4 x 103
8.2 x 102
7.4 x 102

Applied
(mA)
± 1-5
± 1-5
± 4-5

Current Potential
(V)
± 1-4
± 1-4
± 5-9

# Cyclesa
50+
7
3

Maximum value achieved thus far.

The large contracting motion observed during the initial reduction period may occur by
several processes. Assuming anion exchange, the doping anions (and associated solvent molecules)
initially present in the partially oxidized (cationic) Ppy may be small enough to escape as the
polymer is reduced towards neutral to maintain charge neutrality. This includes both the intended
sulfonic acid dopant and any retained Cl- in the film after synthesis. Then, upon subsequent cycling
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between oxidizing and reducing currents, the PO43- and Cl- present in the supporting electrolyte can
flow between the Ppy/electrolyte interface. However, these anions do not re-occupy the space
originally occupied by the sulfonic acid dopant. This exchange of anions may explain why the
bilayers rarely expand back to their original states after the first reduction.

3.3 Effects of Electroding
Initially, the method of making electrical contact to the bilayer was through a flat-faced
alligator clip. However, the stainless steel metal clip was found to corrode easily when it came into
contact with the aqueous PBS electrolyte solution, forming insoluble iron phosphate salts which
precipitated out during actuation. This proved problematic for further analyses, as these salts
contaminated the surfaces of the actuator films. While this method was effective for qualitatively
assessing actuator performance, it prevented additional elemental analyses to elucidate which ions
were present at varying stages of actuation.
Therefore, we pursued other methods of electroding our bilayers. We first designed and had
a clamp made of Delrin made by the machine shop that employed a platinum foil to make electrical
contact to the film. However, this clamp had little success due to its inability to form a waterproof
seal around the platinum. The platinum metal preferentially underwent water oxidation rather than
directing current flow through the actuator film. Some success was found with a combination of a
silver colloid paint, copper tape, and Kapton® tape (schematic illustrated in Figure 7a). The silver
colloid provided sufficient electrical communication between the relatively smooth copper tape and
the porous actuator surface, and was painted directly onto the silk/Ppy face. As shown in Figure 7b,
the silver colloid does not fill in all of the pores but is enough to connect the two electrode surfaces.
Electrical contact was then made between the copper tape (with a conductive adhesive) and the
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silver painted film. This entire contact was then encased in Kapton® tape to protect the electrical
contacts from interacting directly with the electrolyte solution. This method allowed all areas of the
exposed Ppy film to be in direct contact with the electrolyte without forming disruptive insoluble
salts on the surface, and exhibited similar actuation behavior compared to direct-clipping (Figure
7c).

Figure 7. a) Schematic of process to make the silver/copper/Kapton® tape contact. b) SEM image of
the silver colloid on the porous actuator surface. c) Actuation experiment with the
silver/copper/Kapton® tape electroding method.

In all experiments, the bilayer appeared to move by a ‘hinging’ motion, where actuation
only occurred in a small region nearest to the point of electrical contact where the electrolyte was in
contact with the film. If this was in fact the case, the majority of the film does not participate in
actuation presumably due to a voltage drop down the length of the film.1, 18 To assess whether only
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a small region of the film was giving rise to the observed bending, a discontinuous actuator film was
prepared with only the two ends modified with Ppy, leaving the center unmodified (Figure 8a). The
film still actuated well, as shown in Figure 8b, signifying that the entire film does not participate in
actuation. However, the unmodified region was structurally weak, making the film floppy in this
region. In our standard films, the Ppy across the entire film adds physical rigidity to the system. We
also observed that extending the silver paint down the length of the film extended the area of Ppy
that participates in actuation. However, the silver paint needed to be encased (in either Kapton®
tape or clear fingernail polish) to prevent exposure to the electrolyte solution and electrochemistry
occurring on the silver directly. As shown in Figure 9, this resulted in a curling motion rather than a
‘hinging’ movement. With this extended electrical contact, more of the actuator film feels the
applied current and is capable of undergoing the redox reactions to participate in actuation.

Figure 8. a) Discontinuous actuator film modified with Ppy on both ends. b) Overlaid images during a
reduction cycle of the discontinuously-modified actuator film in (a). Actuation occurs in a “hinge”
region nearest the electrical contact, highlighted by the red box.
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Figure 9. Overlaid images during an actuation of a film with the electrical contact (silver paint
encased in clear fingernail polish) extended down the length of the film. Areas of Ppy around the
silver stripe now participate in ion exchange and the film undergoes more of a curling motion rather
than a hinging motion.

3.4 Cyclic Voltammetry
Cyclic voltammetry (CV) was employed to evaluate the electrochemical activity and stability
of the actuator films, as well as possible ion flow mechanisms during electrochemical switching of
the Ppy. Studies were carried out in a 3-electrode cell equipped with platinum wire auxiliary
electrode and an Ag/AgCl (in 3 M NaCl) reference electrode. A circular silk-Ppy film (10-13 mm
diameter) served as the working electrode. Silk-Ppy films doped with NAS, p-TSA and ASA/SSA were
studied in 0.1 M PBS as the supporting electrolyte. Due to the marked success of the NAS-doped
actuators, electroactivity of Ppy films doped with NAS were further investigated in 0.2 M aqueous
solutions of NaCl, KCl, CaCl2, MgCl2, and normal Tyrode’s solution.
Several reports have suggested that the currents generated by ion diffusion contribute to
the oxidation and reduction ‘peaks’ seen in the voltammograms, and can be attributed to cation and
anion flow across the Ppy interface.45, 47 Two possible scenarios of anion/cation flow that may occur
are illustrated in Figure 10. Therefore, we sought to elucidate differences in ion flow based on the
shapes of various voltammograms.
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Figure 10. Illustration of possible modes of ion flow during oxidation and reduction of a CP. a) Mixed
ion flow, where cations flow out and anions flow in during oxidation, while anions flow out and
cations in during reduction. b) Model proposing only anion flow: anions in upon oxidation, and
anions out upon reduction.

NAS-doped Ppy voltammograms were typically uneven, exhibiting larger current responses
during reduction than oxidation. A characteristic broad reduction peak centered around -0.60 V and
a smaller reduction peak at 0.50 V were observed with NAS films, and oxidation peaks around 0.0
and 0.75 V vs. Ag/AgCl. A representative CV of an NAS-doped film is shown in Figure 11a.
Unfortunately, prolonged cycling in PBS resulted in loss in electrochemical activity and charge
storage capacity, noticeably dropping after 100 cycles (Figure 11b). Interestingly, the current flow
through the films during oxidation and reduction appear to equalize after 200 cycles, possibly
reaching equilibrium between the influx and expulsion of ions. The principal oxidation and reduction
peaks shift from 0.75 and -0.80 V to 0.45 V and -0.40 V vs. Ag/AgCl, respectively.
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Figure 11. Cyclic voltammograms of an NAS-doped silk-Ppy film. CV was performed from -1.0 to +1.0
V in 0.1 M PBS as the supporting electrolyte at a scan rate of 50 mV/s. a) Representative NAS-doped
silk-Ppy film (5th cycle), and b) NAS-doped silk Ppy film scanned for 250 cycles.

Initially, the broad reduction peak was thought to correlate with a large influx of cations.
According to our original hypothesis, the allylic sulfonic acid NAS polymerizes in situ into a large
polyanion and became physically trapped within the silk/Ppy matrix. The inability of this dopant to
diffuse to and from the network would allow only small Na+ cations to flow freely between, and we
would detect an expansion upon reduction of the Ppy. However, we observed a large contraction of
our bilayers upon reduction, suggesting anion expulsion (Figure 10b) which was also seen by
Wadhwa et al.47 If the doping anions are small enough to diffuse from the silk/Ppy matrix, this
further supports anion flow as the primary mechanism of actuation in our bilayers.
To further investigate ion flow in the NAS-doped films, CVs were carried out in supporting
electrolytes with the same anion (chloride), but different cations. Due to the varying sizes and
charges of these cations, we expected to see differences in voltammogram shape if cation flow was
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occurring. A single NAS-doped film was cycled successively in 0.2 M aqueous solutions of NaCl, KCl,
CaCl2, MgCl2, and normal Tyrode’s for five cycles each (Figure 12). No marked differences were seen
in the resulting voltammograms, with oxidation and reduction peaks occurring at 0.75 and -0.60 V,
respectively, as seen before. The divalent cations (Ca2+and Mg2+) appear to have a more defined
voltammograms with a slight loss in capacitance, but this may also be an artifact of extended
cycling. If the current responses in the voltammograms are due to ion flow in addition to electron
flow, the fixed oxidation and reduction potentials suggest that the principle ion participating is
indistinguishable between the electrolyte solutions. This provides additional support for anion flow
in the bilayers, as the chloride anion remained unchanged between electrolytes.

6

NaCl
KCl
CaCl2
MgCl2
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Figure 12. Cyclic voltammograms of a silk-Ppy film doped with NAS cycled consecutively in aqueous
0.2 M solutions of NaCl, KCl, CaCl2, MgCl2, and normal Tyrode’s solution. Scan rate 50 mV/s.
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3.5 Elemental Analyses at Various Stages of Electrochemical Switching
Presumably, if ion flow was indeed occurring between the electrolyte and the silk-Ppy film,
ions from electrolyte should be detectable in the oxidized and reduced states of the Ppy. To
investigate this, we employed energy dispersive X-ray (EDX) spectroscopy to examine the elemental
composition of the films during electrochemical switching. Films doped with NAS were scanned by
cylic voltammetry, and samples were taken after two full oxidation cycles (two ‘half’ cycles, scanned
from -1.0 V to +1.0 V), then after two full reduction cycles (two ‘half’ cycles, scanned from +1.0 V to 1.0 V).
Assuming the nitrogen content of the films do not change during electrochemical switching
(sum of silk and Ppy backbones), atomic percentages of phosphorous, sulfur and chlorine were
compared to nitrogen and summarized in Figure 13 for films cycled in 0.1 M PBS and 0.2 M NaCl.
The sulfur content from the sulfonic-acid modified silk and [possibly] NAS dopant remained stable,
indicating that the level of doping does not change during cycling. When cycled in PBS (Figure 13a),
phosphate appears to replace chloride as the anion. Rather than observing changing levels in
phosphorous in reduction (presumably the anion exits the network), the phosphate anions appear
to remain embedded in the film. There may be a rearrangement of polymer chains occurring within
the network, as the cationic Ppy may reorganize around the doping anions as they switch from
monovalent Cl- to trivalent PO43-. If this occurs, it might contribute to the initial large contracting
motion observed with the bilayers. When cycled in NaCl, chloride anions exit upon reduction of the
Ppy to neutral, and enter upon oxidation to balance the cationic Ppy as expected (Figure 13b).
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Figure 13. Atomic ratios of elements present at different time points during an oxidation-reduction
cycle of CV. P, S, and Cl as compared to the N content of silk-Ppy films doped with NAS cycled in a)
0.1 M PBS and b) 0.2 M NaCl.

One striking observation was that sodium does not appear in either the PBS or NaCl cycled
films. The lack of sodium at any point during the cycle eliminates cation flow as a plausible
mechanism of ion flow in the bilayers. A trend in elements entering and leaving the film was not
obvious for a typical CV cycle, leading us to believe that the rapid oxidation and reduction that
occurs may not be representative of the long reducing and oxidizing currents the films were exposed
to during actuation experiments.
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As a more representative study to exaggerate ion flow, a “bulk electrolysis” experiment was
conducted where a constant current was applied to the film, stepwise, similar to the actuation
experiments where a gradual reducing current was applied. The same three-electrode setup was
used as for the CV, with 0.1 M PBS as the supporting electrolyte. Films were first exposed to
reducing currents (-0.2 mA, -0.3 mA, -0.4 mA) for three minutes each, then to oxidizing currents (0.2
mA, 0.3 mA, 0.4 mA) for three minutes each. Samples were taken for EDX analysis after the
reductions and oxidations, and are summarized in Figure 14. Similar to the films analyzed by CV,
phosphate appears to replace chloride, but in this experiment no anions were detected after
reduction (as expected, if the anions are small enough to be expelled when Ppy is reduced to
neutral). Phosphate re-enters the matrix to serve as a counterion for the cationic Ppy after
oxidation. Again, no sodium was detected. This data confirms that cation flow is not occurring
during electrochemical cycling of NAS-doped films, and the actuation that we see is likely due to
anion flow from the electrolyte or a rearrangement of chains. As seen in the actuation experiments,
as reducing (- mA) currents are applied, the potential gradually becomes more negative, then rapidly
decreases after a period of time (Figure 14b). When oxidizing (+ mA) currents are applied, the
potential continues to become more negative before leveling off and increasing to a more positive
potential (Figure 14c).
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Figure 14. a) Atomic ratios of elements present after exposure to constant reducing (-) and oxidizing
(+) currents during a bulk electrolysis experiment. P, S, and Cl as compared to the N content of silkPpy film doped with NAS. b) Potential response to constant applied reducing current and c) oxidizing
current in bulk electrolysis experiments. Both experiments were run in 0.1 M PBS.
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4. Conclusions and Future Outlook
We have successfully adapted silk-Ppy composite materials to construct electricallycontrolled actuators that exhibit repeated bending movements under applied currents less than 5
mA, and potentials between 1 and 4 V. Bilayer actuators comprised of chemically polymerized Ppy
into silk structures able to function in biologically-relevant electrolytes show promise for fully
biocompatible actuator systems. Improving the mode of contact allows us to improve the reliability
of movement by eliminating iron phosphate contaminants. The bilayers exhibit contraction upon
application of reducing currents and expansion upon oxidation, suggesting that the primary
mechanism of ion flow is due to anions present in the actuating medium. Elemental composition of
silk-Ppy bilayers at different stages of the redox cycle have been investigated using cyclic
voltammetry and EDX spectroscopy, and indicate that chloride and phosphate ions from the
phosphate buffered saline electrolyte are the primary anions involved in ion flow. Thus far, our
original hypothesis that the bilayers undergo cation exchange due to the physical entrapment of a
polymeric anion (NAS) is not supported. Likely, the rapid polymerization of NAS renders the dopant
too large to absorb into the dense silk-Ppy network and does not become incorporated. In addition
to anion flow, reorganization of polymer chains around the trivalent phosphate anions may also
contribute to observed volume changes in the actuators. From these bilayers, we aim to expand
past the simple architecture towards trilayer, patterned, and 3D actuator designs capable of more
complex movement.
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